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ABSTRACT 
Graphene nanomaterials are two-dimensional single layer sp
2 
hybridized carbon 
atoms densely packed in a hexagonal honeycomb lattice and can be visualized as basic 
building blocks for fullerenes, carbon nanotubes (CNTs), and graphite. In addition, they 
are hydrophobic nanomaterials and possess a large specific surface area (SSA), thus they 
have been evaluated as promising adsorbents to remove synthetic organic compounds 
(SOCs) from water. As with granular activated carbons (GACs) and CNTs, adsorption 
behavior of SOCs on graphene depends on the physicochemical properties of the 
adsorbents (e.g., specific surface area, pore size distribution and surface chemistry), 
SOCs (e.g., hydrophobicity, molecular size and substituent groups), and the condition of 
background solutions (e.g., pH, ionic strength and presence of NOM). Thus, 
simultaneously, multiple factors, which have varying relative contributions, can affect 
overall adsorption of SOCs on graphenes. Therefore, in this study, the overall goal was to 
investigate the roles of selected factors in the adsorption of aliphatic SOCs on graphenes 
and compare the adsorption behavior of graphenes with those of single-walled carbon 
nanotube (SWCNT) and granular activated carbon (HD3000). 
The study had three sub-objectives. First of all, the effect of selected 
carbonaceous adsorbents properties (i.e., specific surface area, pore size distribution and 
oxygen-containing functional groups) on the adsorption of aliphatic SOCs was 
investigated. The aqueous phase adsorption results indicated HD3000 and SWCNT 
exhibited higher adsorption capacities due to their microporous structures for the selected 
SOCs than graphene nanomaterials. Among selected four carbonaceous adsorbents, 
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graphene oxides (GO) showed the lowest adsorption affinity for aliphatic SOCs, 
indicating that surface functionalization of pristine graphene nanosheets (GNS) decreased 
their adsorption capacities for the SOCs due to the formation of water clusters around the 
oxygen-containing functional groups of carbon surface. 
Second, the role of selected properties of aliphatic SOC on the adsorption was 
examined using ten aliphatic compounds that were specifically selected, including 
trichloroethylene (TCE), tetrachloroethylene (TeCE), 1,1,1-trichloroethane (111TCA), 
1,1,2-trichloroethane (112TCA), carbon tetrachloride (CCl4), 1,1-dichloroethylene 
(11DCE), 1,2-dichloropropane (12DCP), 1,2-dibromoethane (12DBE), 1,1,1,2-
tetrachloroethane (1112TeCA) and 1,2-dibromo-3-chloropropane (DBCP). Solubility 
normalized isotherm results demonstrated that although hydrophobicity of the SOCs was 
influential, it was not the only factor controlling their adsorption behavior. Through the 
analysis of the solubility normalized isotherms of selected aliphatic SOCs, polarizability, 
carbon double bonds and substituent groups were found to also affect the adsorption of 
aliphatic SOCs to different extents.  
Third, the impact of background solution chemistry (i.e., pH, ionic strength and 
presence of NOM) on the adsorption of aliphatic SOCs by different adsorbents was 
investigated. Among the three background components examined, natural organic matter 
(NOM) showed the most influential effect on the adsorption of the selected aliphatic 
SOCs. The impact of NOM on the adsorption of aliphatic SOCs was smaller on graphene 
nanomaterials than SWCNT. In addition, solution pH and ionic strength (IS) had a 
negligible effect on the adsorption of aliphatic SOCs by graphene nanomatierals.   
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CHAPTER 1 
INTRODUCTION 
Graphene is a crystalline allotrope of carbon with two-dimensional properties, in 
which, carbon atoms are densely packed in a regular sp
2
-bonded atomic-scale hexagonal 
pattern. Graphene can be described as a one-atom thick layer of graphite; and it can be 
visualized as the basic structure element of other allotropes, including graphite, charcoal, 
carbon nanotubes (CNTs) and fullerenes [Novoselov et al., 2004]. The unique structure 
endows graphenes with outstanding mechanical, optical and electronic properties [Huang 
et al., 2011; Arico et al., 2005; Geim, 2009; Lee et al., 2008; Novoselov et al., 2005], 
which make them ideal candidates for a wide range of commercial applications, such as 
conductive and high-strength composites, nanometersized semiconductor devices and 
energy conversion devices, thus commercial production and industrial scale application 
of graphenes are expected to grow exponentially over the next decades [Geim and 
Novoselov, 2007; Li and Kraner, 2008]. However, with mass production of graphene 
nanomaterials, one major concern is their health and environmental risk. Because 
graphenes can be thought of as the basic structure of carbon nanotubes, it is reasonable to 
speculate that they will exhibit relatively similar environmental risks as carbon nanotubes 
(e.g., entering cells, and causing damage and oxidative stress in cells) for plants, animals 
and humans [He et al., 2011; Zhang et al., 2010]. Furthermore, due to their highly 
hydrophobic surface, graphenes are expected to exhibit strong adsorption affinities to 
synthetic organic compounds (SOCs) [   r  et al., 2010; Roos et al., 2011; Zhao et al., 
2011]. As a consequence, their negative environmental impacts might be increased by 
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adsorbing SOCs, and the fate and transport of SOCs in the environment also can be 
altered by release of graphenes. On the other hand, with decreasing cost of graphenes, 
they might become more competitive with the traditional activated carbons in terms of 
cost, thus graphene nanomaterials have been suggested as a type of superior adsorbents 
for removal of SOCs, microorganisms, natural organic matter (NOM) and toxins from 
drinking water due to their high adsorption capacities and large specific surface area. 
Therefore, understanding the mechanisms and factors that control adsorption of SOCs by 
graphenes has multiple important implications including assessing (1) the feasibility of 
using graphenes as adsorbents in water and wastewater treatment; (2) the fate and 
transport of SOCs with graphene nanomaterials in the environment; and (3) the potential 
harmful effect of graphenes on plants, animals and the environment when they are 
released and adsorb SOCs. 
NOM is ubiquitous in surface and groundwater, and it is derived from external 
(e.g., degradation of terrestrial biomass, plants, animal residues) and/or internal (e.g., 
excretion or decay products of photosynethic organisms) sources to water body [Sparks, 
1995; Summers and Roberts, 1988]. In general, NOM carries a net negative charge in 
fresh water; and it is a heterogeneous mixture of chemically complex components with 
varying molecular weights, from small hydrophilic acids, proteins and amino acids to 
larger humic and fulvic acids. NOM structure is depicted as a skeleton of alkyl and 
aromatic units with functional groups such as carboxylic acid, phenolic, hydroxyl, and 
quinine type groups [Summers and Roberts, 1988]. Since NOM is ubiquitous in natural 
water, gaphenes are likely to interact with it. To be specific, NOM can compete with 
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target SOCs on the adsorption sites of carbonaceous adsorbents via two major 
mechanisms, direct site competition and pore blockage [Carter et al., 1992; Li et al., 
2003]. Small NOM molecules with size comparable to that of target compound are 
mainly responsible for direct site competition, thereby reducing the adsorption capacities 
of adsorbents for the target compound. Larger NOM molecules are adsorbed in large 
pores of adsorbents and reduce the effective pore diameter or completely block the pores, 
thus decreasing the rate of adsorption of smaller target compound that must pass through 
these pores to reach smaller pores. Previously, the impact of NOM on SOCs adsorption 
by granular activated carbons (GACs) and CNTs in aqueous solutions has been widely 
investigated [Carter et al., 1995; Knappe et al., 1999; Summers et al., 1989; Zhang et al., 
2011]. However, to the best of our knowledge, no study has examined the effect of NOM 
on aliphatic SOCs adsorption by graphenes.  
In summary, the main motivation of my study was to examine the mechanisms 
and factors controlling adsorption of aliphatic SOCs by graphene nanomaterials, and 
compare their adsorption behavior with those of a single-walled carbon nanotube 
(SWCNT) and a GAC, which is critical for the environmental risk assessment of both 
graphene nanomaterials and aliphatic organic contaminants as well as for evaluating the 
potential application of graphenes as adsorbents in water and wastewater treatment. My 
research focused on three main objectives: 
The first objective was to investigate the effect of selected physicochemical 
properties of granular activated carbons, carbon nanotubes and graphenes (i.e., 
specific surface area, pore size distribution and oxygen-containing functional 
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groups) on the adsorption of aliphatic SOCs. Commercially available pristine graphene 
nanosheets (GNS), graphene oxides (GO), single-walled carbon nanotubes (SWCNT) and 
granular activated carbons (HD3000) with different specific surface area, total pore 
volume, pore size distribution and functional groups, were selected to investigate the 
impact of adsorbents properties on the adsorption of aliphatic SOCs. 
The second objective was to explore the role of selected properties of 
aliphatic SOCs (i.e., hydrophobicity, molecular size, polarizability, carbon double 
bonds and functional groups) on their adsorption by carbonaceous adsorbents. Ten 
aliphatic SOCs, trichloroethylene (TCE), tetrachloroethylene (TeCE), 1,1,1-
trichloroethane (111TCA), 1,1,2-trichloroethane (112TCA), carbon tetrachloride (CCl4), 
1,1-dichloroethylene (11DCE), 1,2-dichloropropane (12DCP), 1,2-dibromoethane 
(12DBE), 1,1,1,2-tetrachloroethane (1112TeCA) and 1,2-dibromo-3-chloropropane 
(DBCP), with different properties were selected to examine the role of properties of 
aliphatic SOCs on their adsorption. 
The third objective was to examine the impact of background solution 
chemistry (i.e., presence of NOM, pH and ionic strength) on the adsorption of 
aliphatic SOCs by carbonaceous adsorbents. Adsorption of three aliphatic SOCs, 
trichloroethylene (TCE), carbon tetrachloride (CCl4) and 1,2-dibromo-3-chloropropane 
(DBCP), by GNS and GO under different pH and ionic strength solution were conducted 
to explore the effect of pH and ionic strength on adsorption of aliphatic SOCs. In 
addition, adsorption isotherm experiments of six aliphatic SOCs, tetrachloroethylene 
(PCE), trichloroethylene (TCE), 1,1-dichloroethylene (11DCE), 1,1,2-trichloroethane 
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(112TCA), 1,1,1,2-tetrachloroethane (1112TeCA) and 1,2-dibromo-3-chloropropane 
(DBCP), were performed with NOM preloading to elucidate the effect of NOM on 
adsorption behavior of aliphatic SOCs on different carbonaceous adsorbents and assess 
whether graphenes are promising adsorbents for engineering applications. 
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CHAPTER 2 
LITERATURE REVIEW 
The objective of this literature review is to summarize the research progress of 
graphene nanomaterials, including structure and applications of graphenes, mechanisms 
to control the adsorption of SOCs on graphenes and factors to influence the adsorption of 
SOCs on graphenes. 
2.1 Graphenes 
Graphenes have attracted extensive research and industrial interests since their 
discovery by Geim and Novoselov in 2004 [Novoselov et al., 2004]. They have been used 
in many fields due to their unique structure and outstanding mechanical, optical, and 
electronic properties [Huang et al., 2011; Arico et al., 2005; Geim, 2009; Lee et al., 2008; 
Novoselov et al., 2005], thus commercial production and industrial scale application of 
graphene are expected to grow exponentially in coming years [Geim and Novoselov, 
2007; Li and Kraner, 2008]. 
2.1.1 Structure of Graphenes 
Graphene is a two-dimensional and single-layer sheet of sp
2
 hybridized carbon 
atoms packed in a hexagonal honeycomb lattice, with a carbon-carbon distance of 0.142 
nm, and can be thought of as constitute basic building block for fullerenes, carbon 
nanotubes, and graphite (Figure 2.1) [[Novoselov et al., 2004]. Two dimensional 
molecular networks formation is a result of a subtle balance among intermolecular 
interactions such as covalent bonds, hydrogen bonds, and van der Waals interactions 
[Roos et al., 2011]. Graphene, with a large dimension in the X and Y planes reaching 
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several micrometers and a Z axis of about one nanometer thick, has a large specific 
surface area up to 2630 m
2
/g, calculated from the monolayer carbon structure [Stoller et 
al., 2008]. 
 
 
Figure 2.1 C60 fullerene molecules, carbon nanotubes, and graphite can all be thought of 
as being formed from graphene sheets, i.e. single layers of carbon atoms arranges in a 
honeycomb lattice (adapt from 
http://manojkumars.wordpress.com/2011/04/14/graphene/). 
 
2.1.2 Properties and Applications of Graphenes 
One of the most useful properties of graphene is that it is a zero-overlap semi-
metal with very high electrical conductivity [Neto et al., 2009]. Carbon atoms have a total 
of six electrons, two in the inner shell and four in the outer shell; and the four outer shell 
electrons in an individual carbon atom are available for chemical bonding. However, in 
graphene, each atom is connected to three other carbon atoms on the two dimensional 
plane, leaving one electron freely available in the third dimension for electronic 
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conduction [Charlier et al., 2008; Semenoof, 1984]. These highly-mobile electrons are 
called π electrons and are located above and below the graphene sheets [Charlier et al., 
2008]. These π electrons orbitals overlap and help to enhance the carbon to carbon bonds 
in graphene. Fundamentally, the electronic properties of graphene are dictated by the 
bonding and anti-bonding of these π orbitals. Another outstanding property of graphene is 
its inherent strength. Due to the strength of its 0.142 nm-long carbon bonds, graphene is 
one of the strongest materials, with an ultimate tensile strength of 130,000,000,000 
Pascals compared to 400,000,000 for A36 structural steel, or 375,700,000 for aramid [Lee 
et al., 2008]. Not only is graphene extraordinarily strong, it is also very light at 0.77 
milligrams per square meter. It is often said that a single sheet of graphene, sufficient in 
size enough to cover a whole football field, would weigh under 1 single gram [Lee et al., 
2008]. In addition, graphene also contains elastic properties, being able to retain its initial 
size after strain. In 2007, atomic force microscopic (AFM) tests were conducted on 
graphene sheets that were suspended over silicone dioxide cavities. These tests showed 
that graphene sheets had spring constants in the region of 1-5 N/m and a Young’s 
modulus of 0.5 TPa [Frank et al., 2007]. In terms of chemical properties, graphene is the 
only form of carbon in which each single atom is exposed for chemical reaction from two 
sides. It is known that carbon atoms at the edge of graphene sheets have special chemical 
reactivity; and graphene has the highest ratio of edge carbons in comparison with similar 
materials such as carbon nanotubes. Various types of defects within the sheet, which are 
very common, also increase the chemical reactivity [Denis and Iribarne, 2013]. Thus, 
graphene is chemically the most reactive form of carbon, owing to the lateral availability 
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of carbon atoms. It is commonly modified with oxygen- and nitrogen-containing 
functional groups. Additionally, the ability of graphene to absorb a rather large 2.3% of 
white light is also a unique and interesting property, especially considering that it is only 
1 atom thick [Kuzmenko et al., 2008]. This is due to its aforementioned electronic 
properties, the electrons acting like massless charge carriers with very high mobility 
[Neto et al., 2009].  
Therefore, based on these remarkable properties, graphene has shown potential 
applications in many areas, such as conductive and high-strength composites, 
nanometersized semiconductor devices and energy conversion devices. 
2.1.3 Potential Harmful Effects of Graphenes 
With the significant increase in production and use of graphene nanomatierals, 
there is a major concern over their health and environmental risks once they are released 
to the environment. It is well known that when materials are made into nanoparticles, 
their surface area to volume ratio increases. The greater specific surface area may lead to 
increased rate of absorption through the skin, lungs, or digestive tract and may cause 
adverse effects to the lungs as well as other organs [Oberdorster et al., 2005]. Moreover, 
nanomaterials are transported readily through body and environmental barriers, and they 
can translocate to other organs when inhaled, including the brain [Oberdorster et al., 
2005].  Results of several studies show that regardless of the process by which CNTs 
were synthesized and the types and amounts of metals they contained, CNTs were 
capable of producing inflammation, epithelioid granulomas, fibrosis and 
biochemical/toxicological changes in the lungs [Zumwalde and Laura,2009].  Given the 
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fact that graphenes can be thought as the basic structure of CNTs, it is reasonable to 
surmise that graphenes will exhibit relatively similar health impacts as CNTs.  Besides, 
due to the highly hydrophobic surface area of graphenes, they have shown strong 
adsorption affinities to various pollutants. Several studies have suggested graphenes as a 
type of superior adsorbents for removal of organic contaminants [Ramesha et al., 2011; Ji 
et al., 2013; Li et al., 2013; Apul et al., 2013] and heavy metals [Chandra et al., 2010; 
Zhao et al., 2011; Zhu et al., 2011]. Therefore, the health effects of graphenes not only 
come from their own properties, but also from toxic pollutants adsorbed by them. 
2.2 Synthetic Organic Compounds 
A large amount of synthetic organic compounds (SOCs) have been manufactured 
for the purpose of industrial and domestic use for many years. Some of them and their 
process-by-products have been found to be toxic, carcinogenic, mutagenic or teratogenic. 
Unfortunately, these compounds have continued to enter the aquatic environments from 
atmosphere sources, industrial and municipal effluents and agricultural runoff, which lead 
to serious environment problems. Thus the United States Environmental Protection 
Agency (USEPA) has regulated these compounds under the Priority Pollutant List or 
USEPA Candidate Contaminant List (CCL3) [Safe Drinking Water Act, 2007].  
For the removal of SOCs in the aqueous environments, several biological and 
chemical methods have been applied and achieved limited success for refractory SOCs in 
certain situations. Chemical oxidation process can also be used for removing SOCs, but it 
is not always feasible to apply. Therefore, adsorption is employed as one of the “ est 
Available Technology” to remove SOCs from water and wastewater [USEPA, 2007]. 
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2.3 Adsorption of SOCs by Graphenes 
To date, the majority of studies and publications in the literature have focused on 
two major areas: (1) synthesis and functionalization of graphene for various industrial 
applications and (2) adsorption of heavy metals on graphene nanomaterials. There are 
only a limited number of peer-reviewed articles in the literature on the adsorption of 
SOCs by pristine and functionalized graphenes [Li et al., 2011; Wu et al., 2011; Zhao et 
al et al., 2011; Zhang et al., 2013; Ramesha et al., 2011; Ji et al., 2013; Sharma and Das, 
2013; Zhao et al., 2011; Zhang et al., 2011; Li et al., 2012; Gao et al., 2012; Li et al., 
2013; Liu et al., 2012; Apul et al., 2013], so studies in this area are still fragmentary and 
not complete enough for making clear conclusions. Therefore, in the following sub-
sections, adsorption of SOCs by graphenes will be reviewed in terms of the impact of the 
properties of graphenes, the nature of organic compounds and the environmental 
conditions.  
2.3.1 Adsorption Mechanism of SOCs on Graphenes 
Adsorption, the accumulation of adsorbates on the surface of adsorbents, is 
associated with three types of interactions among adsorbate-adsorbent-solvent: physical, 
chemical and electrostatic interactions [Summers and Roberts 1988a. 1988b; Weber et 
al., 1991; Radovic et al., 1997; Karanfil and Kilduff, 1999; Moreno-Castilla, 2004]. 
These interactions are affected by the physicochemical properties of adsrobents, the 
characteristics of adsorbates and the background solution chemistry. 
Physical adsorption means the electrons maintain their association with the 
original nuclei; and van der Waals interactions are the dominant contributor for physical 
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adsorption. During the chemical adsorption process, there is a transfer and/or sharing of 
electrons between the adsorbates and adsorbents. Chemical adsorption includes several 
interactions such as π-π interaction, π-π electron donor-acceptor interaction (π-π EDA), 
hydrogen bonding [Weber and Van Vliet, 1980]. Electrostatic interaction occurs between 
ionized adsorbates and charged functional groups on the adsorbents. 
For adsorption of SOCs by graphenes, multiple mechanisms act simultaneously 
with varying relative contribution, such as hydrophobic interaction, π-π interaction, 
electrostatic interaction, π-π EDA interaction. First of all, hydrophobic interaction is an 
important adsorption mechanism of hydrophobic and nonpolar SOCs from aqueous 
solution by graphenes, because the hydrophobicity of SOCs can be a driving force for 
their accumulation on the adsorbent surface [Weber et al., 1991; Karanfil and Dastgheib., 
2004]. Many studies of carbon nanomaterials found that the adsorption affinities of 
different adsorbates correlated well with their hydrophobicity [Yang et al., 2006; Wang et 
al., 2008; Chungsying et al., 2008; Wang et al., 2009; Yang and King, 2007]]. In 
addition, Apul et al. [2013] reported hydrophobic interaction was influential for 
adsorption of phenanthrene (PNT) and biphenyl (BP) on graphenes.  
In addition to hydrophobic interaction, π-π interaction is the other important 
adsorption mechanism for the interactions between SOCs and graphenes [Li et al., 2011; 
Wu et al., 2011; Sharma and Das, 2013; Zhao et al., 2011; Li et al., 2012; Gao et al., 
2012; Li et al., 2013]. Wu et al. [2011] reported each carbon atom in a graphene sheet had 
a π electron orbit perpendicular to graphene surface, so SOCs containing π electrons, 
such as organic molecules with C=C double bonds or benzene rings, can form π-π bonds 
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with graphenes. In addition, according to Li et al. [2011], for each carbon atom on 
graphene surface, three of the four outer electrons strongly bonded with its neighboring 
atoms by σ orbitals and each carbon atom had a π electron orbit perpendicular to 
graphene surface, so cationic azo dye containing π electrons, can form π-π bonds with 
graphenes and be easily adsorbed by graphene. 
Furthermore, π-π EDA interaction can be a primary adsorption-enhancement 
mechanism for SOCs with either strong π-electron-donating ability or strong π-electron-
withdrawing ability, due to the interactions of adsorbate molecules with either π-electron-
depleted regions or π-electron-rich regions on the graphene surface. Ji et al. [2013] 
observed that the adsorption affinities of three selected SOCs by graphene nanosheets 
followed the order of their π-electron-donor ability: 1-naphthylamine > 2-naphthol > 
naphthalene. They speculated that a strong electron-donating –OH group or –NH2 group 
enhanced the π electron density of aromatic rings on naphthalene, thus strong π-π EDA 
interaction was likely to occur for the adsorption of the two substituted naphthalene. 
Electrostatic interactions are also an important mechanism to control the 
adsorption of SOCs by graphene nanomaterials [Li et al., 2011; Zhang et al., 2013; 
Ramesha et al., 2011; Sharma and Das, 2013; Zhang et al., 2011; Li et al., 2013]. Li et al. 
[2011] indicated electrostatic interactions are particularly important for negatively 
charged graphene oxide and positively charged methylene blue. Thus, electrostatic 
interaction benefited for methylene blue adsorbed by GO. Sharma and Das [2013] 
speculated there might be electrostatic interaction between the -COOH group of graphene 
oxide nanosheets and the positively charged nitrogen moiety of methyl green dye 
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molecule by recording diffuse reflectance infrared fourier transform (DRIFT) spectra of 
the graphene oxide nanosheets before and after adsorption of methyl green. Overall, all of 
these adsorption mechanisms work together with various relative contributions to 
determine SOCs adsorption on graphenes. 
2.3.2The Effect of Physicochemical Properties of Graphenes 
Physical and chemical properties of graphenes have important effects on the 
adsorption of SOCs, including specific surface area, pore size distribution and surface 
chemistry. Specific surface area of graphene nanomaterials is routinely measured by the 
nitrogen physisorption method. The reported specific surface area of graphenes used as 
adsorbents ranges from 22 to 624 m
2
/g [Li et al., 2011; Wu et al., 2011; Zhao et al et al., 
2011; Zhang et al., 2013; Ramesha et al., 2011; Ji et al., 2013; Sharma and Das, 2013; 
Zhao et al., 2011; Zhang et al., 2011; Li et al., 2012; Gao et al., 2012; Li et al., 2013; Liu 
et al., 2012; Apul et al., 2013] and is generally lower than that of activated carbon [Yang 
and Xing, 2009; Chin et al., 2007; Liao et al., 2008]. Some earlier studies demonstrated 
[Yang et al., 2006; Lin and Xing, 2008; Yang and Xing, 2009; Pan et al., 2008; Chen et 
al., 2009; Lin and Xing, 2008; Wang et al., 2009; Zhang et al., 2009] that specific surface 
area was an influential but not exclusive factor to determine the adsorption capacities of 
carbonaceous adsorbents. Li et al. [2013] reported the specific surface area was not the 
only factor to determine the adsorption capacities of adsorbents. In their experiments, 
CNTs had much larger specific surface areas than GO, but CNTs adsorbed less 
methylene blue. GO exhibited the highest normalized adsorption capacity due to larger 
surface area accessibility caused by its unique single-atom-layered structure. A similar 
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observation has been reported recently by Apul et al. [2013] who reported that specific 
surface area played an important role on the adsorption of PNT and BP, but other factors 
also influenced the adsorption, such as oxygen content and pore size distribution of 
adsorbents. 
Moreover, pore size distribution plays a major role in adsorption capacities of 
carbonaceous adsorbents. According to the International Union of Pure and Applied 
Chemsitry, pore size of adsorbents is classified into three groups: micropores (<20 Å), 
mesopores (20-500 Å) and macropores (>500 Å) [Lastoskie et al., 1993]. As one of the 
most important properties of adsorbents, the pore size distribution determines the fraction 
of total pore volume that can be accessed by adsorbates because a compound can only 
adsorb in pores equal to or larger than its size. If pores are too small, size exclusion 
effects would occur to limit the adsorption of SOCs. On the other hand, sorption energy is 
greater in micropores, because as the pore width approaches the adsorbate dimensions, 
multiple contact points on the adsorbent surface become possible, and surface forces 
overlap [Li et al., 2002; Karanfil and Dastgheib, 2004; Bandosz, 2006].  Several previous 
studies have demonstrated that the pore size distribution of a carbonaceous adsorbent 
with respect to the molecular size of a SOC is very important to adsorption of the SOC 
[Yang and Xing, 2009; Lu and Su, 2007; Chin et al., 2007; Ye et al., 2007; Su and Lu, 
2007; Yan et al., 2006; Apul et al., 2013]. 
Oxygen-containing functional groups of graphenes also impact the interactions 
between SOCs and graphenes. It is well known that the existence of oxygen-containing 
functional groups on carbonaceous adsorbents has two opposite effects on SOCs 
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adsorption: (1) an increase in adsorption because the polarity of surface oxides may have 
better dispersed adsorbents in waters; and (2) a decrease in adsorption due to the 
formation of water clusters around oxygen-containing functional groups [Cho et al., 
2008]. Apul et al. [2013] showed graphene nanosheets (GNS) can be modified by 
covalently bonding oxygen-containing functional groups to obtain GO. On one hand, the 
oxygen-containing functional groups could decrease the surface hydrophobicity and 
increase the dispersion of GO in water, contributing to SOCs adsorption; on the other 
hand, the presence of oxygen-containing functional groups could create water clusters on 
GO surface, reducing the number of available adsorption sites. Their results showed GO 
had lower PNT and BP uptake compared to GNS, which indicated water cluster 
formation play a more important role than the increase in the adsorption sites on the 
adsorption of the two SOCs. 
The surface charge of the graphenes is also expected to affect the adsorption of 
SOCs. Ramesha et al. [2011] pointed out that the important advantage of exfoliated 
graphene oxide was that it maintained a high negative charge density in a wide pH range 
of 2-11. Thus, it can allow ion exchange with metal cations or positively charged organic 
molecules.  
2.3.3 The Effect of SOCs Properties 
The physicochemical properties of adsorbates have important effects on the 
adsorption as much as those of adsorbents since the capacity and rate of adsorption also 
depend on the nature of the adsorbed molecule [Ania et al., 2008]. Molecular size, 
configuration, hydrophobicity, aromaticity and substituent groups have been 
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demonstrated to influence the adsorption. As mentioned above, the molecular size of 
SOCs with respect to the pore size distribution of carbonaceous adsorbents is critical to 
the SOCs adsorption because it determines the amount of accessible pore volume for 
adsorbates. For example, Zhang et al. [2010] reported significant molecular sieving 
effects on adsorption of PNT by activated carbon fiber (ACF), and they indicated that 
PNT cannot enter into micropores due to its relatively large molecular size. 
SOCs configurations are expected to exert an important effect on their adsorption 
on graphenes. In a recent study conducted by Apul et al, [2013], it was demonstrated that 
hydrophobicity was not the only factor to influence the adsorption, and it appears that the 
planar versus nonplanar molecular structure of PNT and BP molecules also impacted the 
adsorption, adsorption of BP with nonplanar and flexible structure was less impacted 
from NOM preloading effects, especially on microporous adsorbents, compared to the 
planar and rigid PNT molecules. 
Hydrophobicity of SOCs is considered one of the most important factors 
controlling the adsorption of hydrophobic and nonpolar SOCs from aqueous solution by 
graphenes, because it can be a driving force for SOCs molecules to escape to interfaces 
between solvent and adsorbent surface. In general, adsorption of SOCs by graphenes 
increases with decreases in their solubility and/or increase in their hydrophobicity. As 
Apul et al. [2013] indicated, hydrophobicity of SOCs was the influential factor 
contributing to the separation between PNT and BP isotherms. Many studies also 
demonstrated that the adsorption affinities of different SOCs correlated well with their 
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hydrophobicity [Yang et al., 2006; Wang et al., 2008; Chungsying et al., 2008; Wang et 
al., 2009; Yang and Xing, 2007].  
Furthermore, substituent groups on SOCs may be another factor affecting their 
adsorption. Ji et al. [2013] reported the order of adsorption affinities of naphthalene, 1-
naphthylamine and 2-naphthol on both GNS and graphite oxide correlated poorly with 
the hydrophobicity of these compounds, and concluded the π electron density of these 
SOCs was a more important factor controlling their adsorption. Naphthalene with the two 
fused aromatic rings was π electron-rich, and the substitution with a strong electron-
donating like -OH group of –NH2 group further enhanced the π electron density of the 
aromatic rings, thus the strength of adsorption affinity should follow the order of π- 
electron-donor ability of solute: 1-naphthylamine > 2-naphtho > naphthalene. 
Aromaticity of SOCs is also an important property to control their adsorption 
affinities on graphenes. Many previous studies [Chen et al., 2007; Shen et al., 2009; Lin 
and Xing, 2008; Wang et al., 2009] demonstrated that the important role of aromaticity in 
the adsorption of aromatic SOCs on the electronic polarized surface of adsorbents is due 
to strong π-π interaction between the SOCs and adsorbents. It has been reported that 
higher adsorption affinity of PNT than BP on graphenes might be attributed to relatively 
stronger π-π interaction between PNT molecules and the graphene surface due to an 
increase in the number of aromatic rings [Apul et al., 2013]. 
2.3.4 The Effect of Background Solution Chemistry 
2.3.4.1 The Effect of NOM 
19 
 
Among the three solution characteristics (pH, ionic strength and NOM), NOM 
generally exhibited the most significant effect on SOCs adsorption. NOM in dissolved, 
colloidal, or particulate forms is ubiquitous in surface and underground water [Leenheer 
and Croue, 2003]. The dissolved form, the fraction that passes through a 0.45-um filter, 
constitutes the major components of NOM in natural water. NOM is derived from 
external (e.g., degradation of terrestrial biomass, plants, animal residues) and/or internal 
(e.g., excretion or decay products of photosynethic organisms) sources to a water body. It 
is a heterogeneous mixture of humic substances, hydrophilic acids, proteins, lipids, 
carbohydrates, carboxylic acids, amino acids, and hydrocarbons. A limited number of 
recent studies have indicated that the presence of NOM may have two opposite effects on 
SOCs adsorption by carbonaceous adsorbents: an increase in adsorption sites due to 
better dispersion of adsorbents in the presence of NOM, and a decrease in adsorption sites 
due to competition and/or blockage by NOM [Chen et al., 2008; Lin and Xing et al., 
2008; Hyung and Kim, 2008; Hyung et al., 2007]. The adsorption of PNT and BP by 
graphenes, carbon nanotubes and activated carbons in the absence and presence of NOM 
was investigated by Apul et al. [2013]. In their study, uptake of PNT and BP by 
graphenes decreased under NOM preloading conditions, indicating the competition of 
NOM with PNT and BP for the available adsorption sites on graphenes. However 
compared to carbon nanotubes and activated carbon, the impact of NOM on adsorption of 
the two compounds by graphenes was the smallest, which can be attributed to a much less 
compact bundle structure for graphenes than CNTs aggregates and microporous structure 
of ACs. 
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2.3.4.2 The Effect of pH 
The pH of the background solution is considered as another major factor affecting 
the adsorption of SOCs by graphenes, because it can affect the surface charge of 
adsorbates and adsorbents, the degree of ionization of different SOCs and the 
deprotonation of functional groups on the active sites of adsorbents. Specifically, 
increasing pH could promote dissociation of ionizable SOCs, which would increase their 
hydrophilicity and may hinder the formation of hydrogen bonds between these SOCs and 
functionalized adsorbents surface, both of them might consequently decrease their 
adsorption [Yang and Xing, 2009; Wang et al., 2007; Yang et al., 2008; Liao et al., 2008; 
Lin and Xing, 2008]. In addition, an increase in pH generally contributes to deprotonation 
of oxygen-containing functional groups on the carbonaceous adsorbents, which would 
enhance the formation of water clusters on these functional groups and π-π EDA 
interaction between SOCs and the carbonaceous adsorbents [Chen et al., 2008; Peng et 
al., 2003; Lu and Su, 2007; Lu et al., 2005]. Furthermore, because increasing pH might 
change both the surface charge of adsorbates and adsorbents, electrostatic interaction 
probably plays an important role in SOCs adsorption by carbonaceous adsorbents [Yang 
and Xing, 2009; Wang et al., 2007; Lu and Su, 2007; Zhao et al., 2007; Lin and Xing, 
2008].  
For the effect of pH on SOCs adsorption by graphenes, several research groups 
[Li et al., 2011; Zhang et al., 2013; Ramesha et al., 2011; Sharma and Das, 2013; Zhang 
et al., 2011; Li et al., 2012; Li et al., 2013] reported an increase in solution pH had a 
positive influence on SOCs adsorption due to electrostatic attraction. On the other hand, 
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Gao et al. [2012] observed the opposite effect on SOCs adsorption; uptake of tetracycline 
antibiotics on GO decreased with an increase in pH. The possible reason was increasing 
pH facilitated the deprotonation of the groups, including charged amino and enol groups 
on the tetracycline molecule and carboxyl group on the GO, so the electron-acceptor 
ability of these moieties was weakened by increasing pH, suppressing the cation-π 
bonding and π-π stacking with GO.  
2.3.4.3 The Effect of Ionic Strength 
Ionic strength of the background solution may influence adsorption of SOCs on 
graphenes. Three possible effects of ionic strength on SOCs adsorption by carbonaceous 
adsorbents have been proposed: (1) increasing ionic strength has a salting out effect on 
the adsorption of hydrophobic SOCs, because the increase in ionic strength could 
enhance the activity coefficient of hydrophobic organic compounds, leading to a decrease 
in their solubility [Zhang et al., 2010]; (2) adding ions may have a squeeze-out effect on 
carbonaceous adsorbents, which decrease SOCs adsorption due to a more compact 
aggregation structure of the carbonaceous adsorbents [Hyung and Kim, 2008]; and (3) 
adding cations also could neutralize the negative charge of both adsorbents and SOCs, 
decreasing the electrostatic repulsion between them and promoting SOCs adsorption 
[Fontecha-Camara et al., 2007]. 
However, there are a limited number of papers investigating the influence of ionic 
strength on the adsorption of SOCs by graphenes. Gao et al. [2012] found that the 
adsorption of tetracycline antibiotics decreased with the addition of NaCl, and they 
suggested that the increase in ionic strength would resist the electrostatic interactions 
22 
 
between the charged amino group of tetracycline and the deprotonated carboxyl groups of 
graphene oxide, and the cation-π bonding was wea ened owing to electronic screening of 
the surface charge sites by the added Na
+
. However, according to Zhang et al. [2011], 
high ionic strength had no effect on the adsorption of methylene blue by GO. 
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CHAPTER THREE 
RESEARCH OBJECTIVES  
The main motivation of my study was to examine the mechanisms and factors 
controlling adsorption of aliphatic SOCs by graphene nanomaterials, and compare their 
adsorption behavior with those of a SWCNT and a GAC, which is critical for the 
environmental risk assessment of both graphene nanomaterials and aliphatic organic 
contaminants as well as for evaluating the potential application of graphenes as 
adsorbents in water and wastewater treatment. My research focused on three main 
objectives: 
The first objective was to investigate the effect of selected physicochemical 
properties of granular activated carbons, carbon nanotubes and graphenes (i.e., 
specific surface area, pore size distribution and oxygen-containing functional 
groups) on the adsorption of aliphatic SOCs. Commercially available pristine graphene 
nanosheets (GNS), graphene oxides (GO), single-walled carbon nanotubes (SWCNT) and 
granular activated carbons (HD3000) with different specific surface area, total pore 
volume, pore size distribution and functional groups, were selected to investigate the 
impact of adsorbents properties on the adsorption of aliphatic SOCs. 
The second objective was to explore the role of selected properties of 
aliphatic SOCs (i.e., hydrophobicity, molecular size, polarizability, carbon double 
bonds and functional groups) on their adsorption by carbonaceous adsorbents. Ten 
aliphatic SOCs, trichloroethylene (TCE), tetrachloroethylene (TeCE), 1,1,1-
trichloroethane (111TCA), 1,1,2-trichloroethane (112TCA), carbon tetrachloride (CCl4), 
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1,1-dichloroethylene (11DCE), 1,2-dichloropropane (12DCP), 1,2-dibromoethane 
(12DBE), 1,1,1,2-tetrachloroethane (1112TeCA) and 1,2-dibromo-3-chloropropane 
(DBCP), with different properties were selected to examine the role of properties of 
aliphatic SOCs on their adsorption. 
The third objective was to examine the impact of background solution 
chemistry (i.e., presence of NOM, pH and ionic strength) on the adsorption of 
aliphatic SOCs by carbonaceous adsorbents. Adsorption of three aliphatic SOCs, 
trichloroethylene (TCE), carbon tetrachloride (CCl4) and 1,2-dibromo-3-chloropropane 
(DBCP), by GNS and GO under different pH and ionic strength solution were conducted 
to explore the effect of pH and ionic strength on adsorption of aliphatic SOCs. In 
addition, adsorption isotherm experiments of six aliphatic SOCs, tetrachloroethylene 
(PCE), trichloroethylene (TCE), 1,1-dichloroethylene (11DCE), 1,1,2-trichloroethane 
(112TCA), 1,1,1,2-tetrachloroethane (1112TeCA) and 1,2-dibromo-3-chloropropane 
(DBCP), were performed with NOM preloading to elucidate the effect of NOM on 
adsorption behavior of aliphatic SOCs on different carbonaceous adsorbents and assess 
whether graphenes are promising adsorbents for engineering applications. 
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CHAPTER FOUR 
MATERIALS AND METHODS 
4.1 Materials 
4.1.1 Adsorbents 
Four carbonaceous adsorbents, pristine GNS (Angstron Materials Inc.), GO 
(Graphenea CO., Ltd.), SWCNT (Chengdu Organic Chemcials Co., Ltd.) and coal-based 
GAC (HD3000, Norit Inc.) with different physicochemical properties were used.  
Graphenes and CNTs were used as received from the manufacturers, while the GAC was 
ground to 200-325 m size prior to use. Selected physicochemical properties of four 
carbonaceous adsorbents are discussed in Chapter Five and summarized in Table 5.1. 
4.1.2 Adsorbates 
Ten aliphatic SOCs with different properties were selected. Both of them are 
common organic pollutants that were either regulated by Priority Pollutants List or under 
Candidate Contaminant List 3 for further regulation. They were purchased from Acros 
(PCE, <99%), Fluka (12DCP, >99%; 12DBE, >98%), Matrix Scientific (DBCP, >98%), 
Alpha Easer (TCE, .99.5%), TCI (1112TeCA, >99%), Baker Analytical (111TCA, 
>96.7%) and Sigma Aldrich (112TCA, >96%; 11DCE, >99%; CCl4, >99.9%). Molecular 
structures and properties of the ten aliphatic SOCs are summarized in Tables 4.1 and 4.2. 
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Table 4.1 Molecular structures of selected aliphatic SOCs 
SOC Abbreviation Molecular Structures 
trichloroethylene TCE 
 
 
 
tetrachloroethylene PCE 
           
1,1,1-trichloroethane 111TCA 
       
1,1,2-trichloroethane                              112TCA 
               
 
          
carbon tetrachloride CCl4 
      
1,1-dichloroethylene 11DCE 
            
1,2-dichloropropane 12DCP 
                         
1,2-dibromoethane 12DBE 
             
1,1,1,2-tetrachloroethane 1112TeCA 
                      
1,2-dibromo-3-chloropropane DBCP 
                       
 
 27 
 
Table 4.2 Selected properties of aliphatic SOCs 
 
 
 
SOC 
 
 
Abbreviation 
 
MW
a
 
 
Density 
 
MV
b
 
 
 
CS
c
 
 
 
 
LogKOW
d
 
 
 
Polarizability
e 
 
 
 
 
 
 
 
 
 
 
 (g/mol) (g/cm
3
) (cm
3
/mol) (mg/L) 
trichloroethylene TCE 131 1.46 89.7 1183 2.42 0.37 
tetrachloroethylene         PCE 166 1.62 102.5 224 3.40 0.44 
1,1,1-trichloroethane 111TCA 133 1.32 100.8 1358 2.49 0.41 
1,1,2-trichloroethane 112TCA 133 1.44 92.4 4483 1.89 0.68 
carbon tetrachloride CCl4 154 1.59 96.9 790 2.83 0.38 
1,1-dichloroethylene 11DCE 97 1.21 80.2 2375 1.32 0.34 
1,2-dichloropropane 12DCP 113 1.16 97.4 2819 2.28 0.68 
1,2-dibromoethane 12DBE 188 2.17 86.6 4177 1.96 0.76 
1,1,1,2-tetrachloroethane 1112TeCA 168 1.55 108.3 1103 2.93 0.63 
1,2-dibromo-3-chloropropane DBCP 236 2.08 113.5 985 2.43 0.78 
a
 molecular weight; 
b
 molar volume; 
c 
water solubility at 25 
o
C obtained from the Material Safety Data Sheet of each compound; 
d 
octanol-water partitioning coefficient simulated with ACDLABS11.0 (ChemSketch and ACD/3D Viewer); 
e 
polarizability obtained 
from ACD/ADME Suite 5.0.
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4.1.3 NOM Solution 
The NOM isolate used was collected from the influent of Myrtle Beach drinking 
water treatment plant in South Carolina using a reverse osmosis and followed by resin 
fractionation, as described elsewhere [Song et al., 2009]. SUVA254, defined as the ratio of 
UV absorbance at 254 nm divided by the dissolved organic carbon (DOC) concentration, 
has the units of L/mg-m, and is a quantitative measurement of the aromatic content per 
unit concentration of organic carbon in water. Natural waters with high SUVA254 values 
(e.g., more than 4.0 L/mg-m) have organic matter with relatively high contents of 
hydrophobic, aromatic, and high molecular weight components, whereas waters with 
SUVA254 ≤ 2.0 L/mg-m contain mostly non-humic, hydrophilic and low molecular 
weight material [Karanfil et al., 2007]. Thus, SUVA254 was employed to characterize the 
NOM in this study. The DOC concentration was determined using a high-temperature 
catalytic combustion total organic carbon analyzer (Shimadzu TOC-V CSH). The UV254 
absorbance was measured by a UV spectrophotometer (Varian Cary-50). The SUVA254 
value of the NOM solution used in the experiments was around 4.0 L/mg-m, indicating it 
was rich in aromatic components.  
4.2 Characterization of Adsorbents 
Several techniques were used for the characterization of carbonaceous adsorbents. 
Nitrogen gas adsorption at 77 K was performed with a physisorption analyzer 
(Micromeritics ASAP 2010) to determine the specific surface area, pore volume and pore 
size distribution of the four adsorbents. The Brunauer-Emmett-Teller (BET) equation was 
used to calculated specific surface areas. The total pore volume was obtained from the 
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adsorbed volume of nitrogen near the saturation point (P/P0 = 0.99). Pore size distribution 
of adsorbents was determined from the nitrogen isotherms using the Density Functional 
Theory (DFT) model. Oxygen contents of the carbonaceous adsorbents were measured 
using a Flash Elemental Analyzer 1112 series (Thermo Electron Corporation). In 
addition, pH of the point of zero charge (pHPZC) of adsorbents was determined using pH 
equilibration technique. The details about these characterization methods have been 
provided in detail elsewhere [Dastgheib et al., 2004]. 
4.3 Adsorption Experiments 
Constant carbon dose aqueous phase isotherm experiments were conducted using 
completely mixed batch reactors (125 mL glass bottles with Teflon-lined screw caps). 
Two types of isotherms were conducted at room temperature (20±3 
o
C): 
(1) DDW experiments: Concentrated stock solution of each aliphatic SOC was 
prepared in methanol. Bottles containing about 5 mg of adsorbents were first filled with 
DDW and no headspace, and spiked with predetermined volumes of aliphatic SOCs from 
their methanol stock solutions. For the graphene experiments, the bottles with adsorbents 
were initially half filled with DDW, sonicated for 20 min, and completely filled with 
DDW prior to spiking aliphatic SOCs. The volume percentage of the methanol spiked 
solution per bottle was kept below 0.1% (v/v) to minimize the co-solvent effect. The 
bottles with no headspace were placed into a rotary tumbler for one week, which was 
found to be sufficient to reach equilibrium during preliminary kinetic experiments [Zhang 
et al., 2010]. The solution pH remained around 6.5 during the experiments. To investigate 
the effect of pH on adsorption of aliphatic SOCs to graphenes, additional adsorption 
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isotherm experiments were conducted at pH 3 and 11 where the solution pH was adjusted 
by 0.1 mol/L HCl and NaOH. For ionic strength effect experiments, the same 
experimental procedure was used, except the ionic strength was adjusted with NaCl to 
three levels (IS=0.001, 0.01, 0.1 M as NaCl). The ranges for pH and ionic strength were 
kept wider than those typically used in water and wastewater treatment or found in 
natural water systems to ensure that no effect was neglected. 
 (2) Preloading experiments: The influence of NOM on the aliphatic SOCs 
adsorption was examined under preloading condition, giving an advantage to NOM 
adsorption prior to that of SOCs, which represents the most severe NOM competition 
condition. For the preloading experiments, bottles containing about 5 mg adsorbents were 
first filled fully with 2.9 mg DOC/L NOM solution buffered with 1mM 
NaH2PO4.H2O/Na2HPO4.7H2O and adjusted to pH 7.0, then the bottles with zero 
headspace were placed into a rotary tumbler. After four days, predetermined volumes of 
aliphatic SOC stock solutions were directly spiked into the bottles, and then the 
headspace-free bottles were tumbled again for an additional week. In NOM preloading 
experiments, 200 mg/L NaN3 was added to NOM solution to minimize any biological 
activity [Zhang et al., 2010]. 
After the equilibrium period of isotherm experiments, bottles were placed on a 
bench overnight to allow settling of the adsorbents, and supernatants of samples in the 
bottles were transferred to 10 mL centrifuge tube for centrifugation to remove the 
remaining adsorbents. The supernatants were extracted with hexane by liquid: liquid 
extraction and analyzed using a gas chromatograph with a micro-electron capture detector 
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(GC-ECD) equipped with a Rxi-624Sil MS Column (Restek, USA). Bottles without any 
adsorbents served as blanks to monitor the loss of adsorbates during the experiments, 
which were found to be negligible. The experimental matrix is shown in Table 4.3 to 4.5. 
Table 4.3 Experimental matrix of aliphatic SOCs adsorption in DDW 
 
      Adsorbents 
GNS GO SWCNT HD3000 
Adsorbates 
TCE √ √ √ √ 
CCl4 √ √ √ √ 
PCE √ √ √ √ 
111TCA √ √ √ √ 
11DCE √ √ √ √ 
112TCA √ √ √ √ 
12DBE √ √ √ √ 
12DCP √ √ √ √ 
1112TeCA √ √ √ √ 
DBCP √ √ √ √ 
√: a completed adsorption isotherm of a compound by one type of adsorbents. 
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Table 4.4 Experimental matrix of pH and ionic strength effects on aliphatic SOCs 
adsorption 
 
  
pH Ionic strength 
Adsorbates Adsorbents 3 11 0.001M 0.01M 0.1M 
TCE 
GNS √ √ √ √ √ 
GO √ √ √ √ √ 
CCl4 
GNS √ √ √ √ √ 
GO √ √ √ √ √ 
DBCP 
GNS √ √ √ √ √ 
GO √ √ √ √ √ 
√: a completed adsorption isotherm of a compound by one type of adsorbents. 
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Table 4.5 Experimental matrix of NOM effects on aliphatic SOCs adsorption 
 
Adsorbates Adsorbents NOM Effects 
DDW NOM preloading 
TCE GNS √ √ 
 
GO √ √ 
 
SWCNT √ √ 
PCE GNS √ √ 
 
GO √ √ 
 
SWCNT √ √ 
11DCE GNS √ √ 
 GO √ √ 
 
SWCNT √ √ 
112TCA GNS √ √ 
 GO √ √ 
 SWCNT √ √ 
1112TeCA GNS √ √ 
 GO √ √ 
 SWCNT √ √ 
DBCP GNS √ √ 
 GO √ √ 
 SWCNT √ √ 
√: a completed adsorption isotherm of a compound by one type of adsorbents. 
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4.4 Data Analysis 
Four common isotherm models, Freundlich (FM), Langmuir (LM), Langmuir-
Freundlich (LFM) and Polanyi-Manes models (PMM), were employed to analyze the 
experimental data. The Langmuir model is based on the ideal assumption of a totally 
homogenous adsorption surface [Langmuir, 1918]. The amount of adsorbate increases 
monotonically until it reaches a limiting value that corresponds theoretically to complete 
surface coverage. The Langmuir model is expressed as: 
     
     
      
                                                                     
where qe and Ce represent the solid-phase equilibrium concentration (mg/g) and the 
liquid-phase equilibrium concentration (g/L or mg/L), respectively, qm is the maximum 
adsorption capacity and corresponds to the surface concentration at monolayer coverage, 
and b is the Langmuir equilibrium constant. 
The Freundlich model is an empirical equation to describe adsorption isotherms. 
It is perhaps the most widely used nonlinear sorption equilibrium model because it 
accurately describes much adsorption data, especially for heterogeneous surfaces. The 
Freundlich equation has the following form: 
         
                                                                      
where qe and Ce were defined above for the Langmuir model, KF is the Freundlich affinity 
coefficient ((mg/g)/Ce
n
), and n is a dimensionless parameter related to the surface 
heterogeneity. A larger KF value represents a larger adsorption affinity, whereas a larger n 
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value indicates a more homogeneous surface of the adsorbent [Derylo-Marczewska et al. 
2004; Carter et al. 1995; Pikaar et. al., 2006]. 
The Langmuir-Freundlich model is essentially a composite of the Langmuir and 
Freundlich isotherms which would apply to both heterogeneous and homogeneous 
surfaces. The model has the following equation: 
     
      
 
       
                                                                    
where KS [(L/µg)
n
] is adsorption affinity coefficient, and n represents a nonlinear index 
[Sips, 1948]. 
The Polanyi-Manes model is commonly used for heterogeneous surfaces. The 
Polanyi adsorption potential theory was introduced by Polanyi, and later Manes and co-
workers applied the Polanyi potential theory to the adsorption of organic compounds 
from aqueous solutions [Manes and Hofer, 1969; Xia and Ball, 1998]. The model is 
represented with the following equation: 
          
   
 
  
 
 
 
                                                          
where a and b are fitting parameters and Vs is molar volume of solute. ϵ is the Polanyi 
adsorption potential and can be defined as ϵ = RT ln(Cs /Ce) [kJ/mol], in which Cs is the 
water solubility of the solute, R is the ideal gas constant and T is the absolute temperature. 
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CHAPTER 5 
RESULTS AND DISCUSSION 
5.1 Characterization of Adsorbents 
The results of specific surface area, pore surface area distribution, pore volume, 
pore size distribution, oxygen content and pHPZC measurements of the four carbonaceous 
adsorbents are summarized in Table 5.1. The two types of graphene nanomaterials had 
different BET surface areas and pore volumes. GNS had a higher specific surface area 
and pore volume than GO. However, the measured BET surface areas of both GNS and 
GO were much smaller than the theoretically calculated surface area (2630m
2
/g) for a 
monolayer carbon structure of graphene nanosheet [Stoller et al., 2008]. The much lower 
surface areas can be attributed to aggregation and bundle formation of graphenes, which 
resulted in much lower measured surface area values (500-600m
2
/g). The values obtained 
in this study were consistent with those reported for other graphene nanomaterials in the 
literature [Ramesha et al., 2011; Wu et al., 2011].  In addition, GO had higher oxygen 
content (17.5%) than GNS (0.8%) as expected, which suggested that the surface of GO is 
more hydrophilic. The low pHPZC value of GO indicated a net negative charge under 
neutral conditions due to the presence of acidic functional groups.   
Furthermore, the physicochemical characteristics of GNS and GO were compared 
with those of the other carbonaceous adsorbents (SWCNT, HD3000). HD3000 had a 
comparable specific surface area with GNS, whereas the specific surface area of SWCNT 
was similar to GO. The BET specific surface areas of the adsorbents followed the order 
of: GNS ~ HD3000 > SWCNT > GO. Table 5.1 also provides the pore volume and pore 
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size distribution of the four carbonaceous adsorbents. GNS had 2-3 times higher pore 
volume than SWCNT and 4-6 times higher pore volume than HD3000 and GO, which 
may be attributed to its much less compact aggregate and bundle structure as compared to 
other adsorbents. For the pore size distribution of the adsorbents, GNS and SWCNT had 
mainly meso- and macropores, and GO and HD3000 consisted of micro-, meso- and 
macropores. 
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Table 5.1 Physicochemical properties of adsorbents 
 
  
SABET
a 
 
DFT Pore Surface Area
 b
 
VT 
c
 
DFT Pore Volume Distribution
 d
 
Oxygen Content 
pHpzc Carbon Smicro Smeso Smacro Vmicro Vmeso Vmacro 
  
 
< 2 nm 2-50 nm 50 nm > 
 
< 2 nm 2-50 nm 50 nm >  
 (m
2
/g) (m
2
/g) (m
2
/g) (m
2
/g) (cm
3
/g)   (cm
3
/g) (cm
3
/g) (cm
3
/g) (%)  
GNS 666 130.0 172.4 32.8 3.138 0.065 1.196 1.877 0.8 9.8 
GO 497 163.3 155.3 0.1 0.530 0.081 0.377 0.072 17.5 4.1 
SWCNT 537 248.7 138.5 10.9 1.240 0.117 0.581 0.542 0.9 7.5 
HD3000 642 185.6 122.6 2.1 0.775 0.108 0.449 0.218 6.2 6.9 
a
 Specific surface area calculated with the Brunauer-Emmett-Teller (BET) model, 
b  
Surface area  in each pore size range obtained from the density 
functional theory (DFT) analysis, 
c
 Total pore volume calculated from single point adsorption at P/P0 = 0.99, 
d  
Pore volume  in each pore size range 
obtained from the density functional theory (DFT) analysis. 
 
 
 
 
 
 39 
 
5.2 Adsorption of Aliphatic SOCs by Carbonaceous Adsorbents 
All liquid phase adsorption isotherms were nonlinear when the qe versus Ce values 
were plotted on linear coordinates. To quantitatively describe the isotherm results, four 
commonly used nonlinear isotherm models, Langmuir (LM), Freundlich (FM), 
Langmuir-Freundlich (LFM) and Polanyi-Manes models (PMM), and a linear isotherm 
model of Freundlich were employed to fit the experimental data using Microsoft Office 
Excel 2007. Residual root mean square error (RMSE) and coefficient of determination 
(r
2
) were used to evaluate the goodness of the fits. 
       
 
 
                 
 
   
                                                    
where N is the number of experimental data points, m is the degree of freedom (m=N-2 
for the two-parameter Langmuir and Freundlich; m=N-3 for the three-parameter 
Langmuir-Freundlich and Polanyi-Manes), qe,exp are the experimental solid-phase 
equilibrium concentrations and qe,fit  are the fitted solid-phase equilibrium concentrations. 
As shown in Tables 5.2 to 5.5, the three-parameter PMM and LFM had slightly 
lower RMSE values and higher r
2
 values for most of the adsorption isotherms than LM 
and FM. However, the FM with two-parameters also fit the isotherms quiet well while 
providing meaningful isotherm parameters for all of cases. The FM also had the lowest 
RMSE and highest r
2 
values for some isotherms, such as 12DCP on GO, TCE on 
HD3000, CCl4 and 12DBM on SWCNT, which demonstrates the overparametrization in 
some cases by the LFM and PMM models. In addition, the LM, LFM and PMM failed to 
fit well some adsorption data, as indicated by the unreasonable qm values (underlined 
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values in Tables 5.2 to 5.5).  As a combined form of the LM and FM, the LFM converts 
to the LM at n=1 and to the FM at low equilibrium concentrations (KSCe
n
 <<1). Some of 
the model estimation with the LM deviated from the experimental adsorption data, 
suggesting the LM was not applicable to the experimental data, which also explained the 
failure of the LFM in some cases. The PMM is based on the assumption that the 
adsorption is controlled by nonspecific dispersive interactions, which means it might not 
fit the adsorption involving specific interactions, such as the formation of hydrogen bond 
and EDA complexes between adsorbates and adsorbents. 
In summary, based on the discussion above, the nonlinear form of FM resulted in 
good fits with meaningful parameter values for every case, whereas the linear form of 
FM, which is more commonly used in adsorption isotherm modeling, also resulted in a 
better fit to some adsorption isotherms than the nonlinear form. Therefore, the linear form 
of FM was selected to fit the adsorption data in this study. The linear form of FM used for 
simulating data is: 
                                                                                   
Since KF is a unit-capacity parameter and depends on the units of Ce which are employed 
to calculate it, KF values may have no meaningful relationships to the range of 
experimental data [Walters and Luthy, 1984]. Therefore, a modified Freundlich equation 
was proposed by normalizing Ce with the water solubility (Cs) of the adsorbate. 
                
                                                                
where KFS is a parameter independent of the concentration units and indicates the 
effective overall adsorption capacities of the adsorbents at saturated concentration. In 
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addition, the KFS values are also used for comparing adsorption of SOCs with different 
water solubility. However, for adsorbates with high water solubility, an adjustment was 
made for calculating the KFS to avoid the unreasonably higher values; 1% of water 
solubility was employed as reference points instead of using water solubility data directly 
[Carrott et al., 2005].  
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Table 5.2 Nonlinear model fits for adsorption of ten aliphatic SOCs on GNS 
 
SOC Langmuir Freundlich Langmuir-Freundlich Polanyi-Manes models 
 
qm KL r
2
 RMSE KF n r
2
 RMSE qm KS n r
2
 RMSE qm a b r
2
 RMSE 
TCE 16.8 0.001 0.993 0.17 0.04 0.804 0.991 0.20 17.4 0.001 0.991 0.993 0.19 9.8 -24.7 1.26 0.993 0.19 
CCl4 13.7 0.002 0.999 0.08 0.05 0.769 0.996 0.14 13.8 0.002 0.996 0.999 0.08 7.3 -29.1 1.28 0.999 0.08 
PCE 129.2 0.001 0.976 0.74 0.17 0.873 0.981 0.65 1370.4 4E-05 0.877 0.981 0.72 65.5 -5.3 0.45 0.995 0.38 
111TCA 13.2 0.001 0.989 0.15 0.02 0.863 0.985 0.17 7.1 0.002 1.223 0.991 0.14 5.3 -66.9 1.57 0.991 0.14 
11DCE 10.1 0.001 0.994 0.06 0.01 0.892 0.992 0.08 5.1 0.001 1.180 0.996 0.06 4.1 -43.3 1.59 0.996 0.05 
112TCA 35.5 2E-04 0.971 0.22 0.01 0.931 0.972 0.22 110.6 4E-05 0.948 0.972 0.24 48.6 -10.9 0.74 0.973 0.23 
12DBE 424.1 2E-05 0.982 0.37 0.005 1.042 0.983 0.36 424.1 2E-05 1.054 0.984 0.38 13.1 -120.7 1.83 0.993 0.24 
12DCP 951.1 5E-06 0.980 0.34 0.001 1.197 0.998 0.10 951.2 1E-05 1.195 0.998 0.12 27.2 -13.2 0.78 0.999 0.06 
1112TeCA 45.8 3E-04 0.985 0.31 0.02 0.909 0.985 0.31 49.2 3E-04 0.993 0.985 0.34 12.7 -22.5 1.07 0.985 0.34 
DBCP 1905.4 6E-06 0.974 0.68 0.003 1.179 0.987 0.48 1905.5 1E-05 1.172 0.987 0.52 20.0 -6.3 0.53 0.996 0.33 
qm (mg/g): maximum adsorption capacity; KL(L/ug): adsorption affinity coefficient; r
2
: coefficient of determination; RMSE: residual root mean square 
error; KF [(mg/g)/(ug/L)
n
]: adsorption affinity coefficient; n: nonlinear index; KS [(L/ug)
n
]: adsorption affinity coefficient; a and b:fitting parameters; 
underlined numbers represent the unreasonable values of the models. 
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Table 5.3 Nonlinear model fits for adsorption of ten aliphatic SOCs on GO 
 
SOC Langmuir Freundlich Langmuir-Freundlich Polanyi-Manes models 
 
qm KL r
2
 RMSE KF n r
2
 RMSE qm KS n r
2
 RMSE qm a b r
2
 RMSE 
TCE 8.7 0.001 0.974 0.26 0.04 0.719 0.959 0.34 5.5 0.003 1.430 0.981 0.24 4.6 -112.4 1.84 0.980 0.25 
CCl4 93.0 6E-05 0.992 0.09 0.01 0.947 0.993 0.08 93.0 5E-05 0.961 0.993 0.09 5.6 -8.3 0.70 0.998 0.04 
PCE 38.8 0.001 0.963 0.66 0.08 0.850 0.966 0.64 398.1 5E-05 0.860 0.966 0.69 6.9 -26.4 1.19 0.995 0.28 
111TCA 29.6 9E-05 0.972 0.10 0.002 1.014 0.972 0.10 2.1 0.003 1.860 0.982 0.09 2.0 -208.1 1.87 0.981 0.09 
11DCE 203.3 9E-06 0.991 0.04 0.001 1.119 0.997 0.02 203.3 2E-05 1.122 0.997 0.03 3.8 -26.1 1.21 0.998 0.02 
112TCA 178.1 2E-05 0.994 0.07 0.002 1.068 0.996 0.05 178.1 3E-05 1.075 0.997 0.06 5.9 -79.6 1.70 0.999 0.02 
12DBE 998.3 8E-06 0.973 0.57 0.004 1.125 0.982 0.47 998.3 1E-05 1.132 0.982 0.50 17.7 -123.4 1.82 0.990 0.38 
12DCP 303.3 7E-06 0.991 0.11 0.001 1.109 0.998 0.05 303.3 1E-05 1.114 0.998 0.05 7.5 -18.4 0.95 0.998 0.05 
1112TeCA 607.4 1E-05 0.997 0.12 0.01 1.055 0.998 0.09 607.4 2E-05 1.059 0.998 0.10 13.4 -13.7 0.82 0.999 0.07 
DBCP 13.6 0.002 0.993 0.23 0.13 0.639 0.985 0.34 14.0 0.002 0.981 0.993 0.25 8.7 -40.8 1.38 0.993 0.26 
qm (mg/g): maximum adsorption capacity; KL(L/ug): adsorption affinity coefficient; r
2
: coefficient of determination; RMSE: residual root mean square 
error; KF [(mg/g)/(ug/L)
n
]: adsorption affinity coefficient; n: nonlinear index; KS [(L/ug)
n
]: adsorption affinity coefficient; a and b:fitting parameters; 
underlined numbers represent the unreasonable values of the models. 
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Table 5.4 Nonlinear model fits for adsorption of ten aliphatic SOCs on HD3000 
 
SOC Langmuir Freundlich Langmuir-Freundlich Polanyi-Manes models 
 
qm KL r
2
 RMSE KF n r
2
 RMSE qm KS n r
2
 RMSE qm a b r
2
 RMSE 
TCE 32.0 0.017 0.982 0.91 1.22 0.628 0.994 0.53 541.8 7E-05 0.641 0.994 0.59 193.1 -8.3 0.79 0.994 0.56 
CCl4 14.6 0.011 0.960 0.88 0.91 0.446 0.960 0.88 21.6 0.004 0.678 0.970 0.83 14.1 -21.1 1.00 0.970 0.83 
PCE 34.7 0.103 0.993 0.59 3.93 0.647 0.999 0.21 135.3 0.007 0.705 0.999 0.18 86.3 -17.3 1.65 0.999 0.17 
111TCA 14.8 0.004 0.994 0.24 0.22 0.642 0.997 0.18 32.5 0.001 0.755 0.998 0.15 17.1 -20.2 1.25 0.998 0.15 
11DCE 11.4 0.006 0.969 0.46 0.61 0.427 0.961 0.52 13.4 0.004 0.821 0.972 0.50 11.1 -36.3 1.86 0.971 0.50 
112TCA 23.0 0.007 0.949 1.16 0.57 0.599 0.978 0.76 311.7 3E-05 0.615 0.977 0.87 1244 -6.4 0.45 0.942 1.39 
12DBE 43.1 0.004 0.988 1.01 0.94 0.564 0.994 0.72 87.2 0.001 0.705 0.997 0.58 65.1 -16.7 1.36 0.996 0.62 
12DCP 25.0 0.003 0.967 0.99 0.54 0.522 0.983 0.71 79.9 2E-04 0.607 0.984 0.76 29.5 -13.3 1.15 0.984 0.76 
1112TeCA 36.4 0.009 0.980 1.39 1.91 0.457 0.993 0.82 65.4 0.002 0.633 0.999 0.27 37.8 -20.5 1.35 0.999 0.29 
DBCP 51.2 0.078 0.984 1.62 6.98 0.477 0.986 1.52 78.7 0.025 0.704 0.995 0.96 76.7 -40.9 1.81 0.995 1.02 
qm (mg/g): maximum adsorption capacity; KL(L/ug): adsorption affinity coefficient; r
2
: coefficient of determination; RMSE: residual root mean square 
error; KF [(mg/g)/(ug/L)
n
]: adsorption affinity coefficient; n: nonlinear index; KS [(L/ug)
n
]: adsorption affinity coefficient; a and b:fitting parameters; 
underlined numbers represent the unreasonable values of the models. 
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Table 5.5 Nonlinear model fits for adsorption of ten aliphatic SOCs on SWCNT 
 
SOC Langmuir Freundlich Langmuir-Freundlich Polanyi-Manes models 
 
qm KL r
2
 RMSE KF n r
2
 RMSE qm KS n r
2
 RMSE qm a b r
2
 RMSE 
TCE 31.7 0.007 0.962 1.77 1.65 0.442 0.992 0.80 133.8 1E-04 0.499 0.993 0.82 35.2 -9.4 1.11 0.993 0.82 
CCl4 17.2 0.085 0.856 2.76 3.83 0.261 0.988 0.78 93.2 2E-05 0.297 0.988 0.86 21.8 -4.8 1.00 0.988 0.84 
PCE 42.6 0.076 0.976 1.91 6.50 0.402 0.970 2.14 55.8 0.034 0.699 0.991 1.27 42.9 -31.6 1.65 0.991 1.27 
111TCA 10.5 0.066 0.886 1.01 3.02 0.211 0.973 0.49 19.5 0.004 0.356 0.980 0.48 12.2 -8.6 1.38 0.980 0.05 
11DCE 10.7 0.004 0.811 1.22 0.49 0.418 0.934 0.72 68.4 2E-05 0.456 0.927 0.82 60.0 -2.6 0.31 0.967 0.55 
112TCA 21.8 0.005 0.983 0.81 1.00 0.432 0.987 0.71 34.2 0.001 0.654 0.996 0.40 25.5 -20.3 1.53 0.996 0.44 
12DBE 20.2 0.034 0.862 2.85 2.91 0.325 0.984 0.96 141.8 2E-05 0.357 0.983 1.08 47.6 -4.9 0.93 0.984 1.04 
12DCP 15.0 0.003 0.977 0.59 0.46 0.474 0.943 0.91 15.0 0.003 0.994 0.977 0.63 13.0 -88.2 1.99 0.976 0.64 
1112TeCA 27.4 0.027 0.775 4.66 3.37 0.359 0.952 2.15 250.4 1E-05 0.383 0.947 2.47 424.1 -3.2 0.27 0.983 1.39 
DBCP 35.3 0.102 0.918 3.30 8.59 0.276 0.979 1.66 54.9 0.019 0.493 0.998 0.51 42.2 -23.0 1.70 0.999 0.48 
qm (mg/g): maximum adsorption capacity; KL(L/ug): adsorption affinity coefficient; r
2
: coefficient of determination; RMSE: residual root mean square 
error; KF [(mg/g)/(ug/L)
n
]: adsorption affinity coefficient; n: nonlinear index; KS [(L/ug)
n
]: adsorption affinity coefficient; a and b:fitting parameters; 
underlined numbers represent the unreasonable values of the models. 
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5.2.1 The Effect of Adsorbent Properties  
Adsorption isotherms of PCE, TCE and 11DCE by the four carbonaceous 
adsorbents in DDW are presented in Figures 5.1 to 5.3 (the isotherms of other aliphatic 
SOCs are in the appendix, Figures A1 to A7), and the Freundlich isotherm parameters 
were calculated to interpret the role of adsorbent properties in adsorption of the aliphatic 
SOCs, as summarized in Table 5.6. Mass-basis (KF), solubility-normalized (KFS) and 
surface area-normalized (Q) adsorption capacities of the four carbonaceous adsorbents 
for the selected aliphatic SOCs, along with r
2
 values, were provided to explain the 
adsorption behavior. The volume occupied (VO) by the adsorbed SOCs on the adsorbents 
were calculated by dividing their solubility normalized adsorption capacities (KFS) by the 
densities of SOCs. 
 
 
Figure 5.1 PCE adsorption isotherms of GNS, GO, HD3000 and SWCNT in DDW. 
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Figure 5.2 TCE adsorption isotherms of GNS, GO, HD3000 and SWCNT in DDW. 
 
 
 
 
 
Figure 5.3 11DCE adsorption isotherms of GNS, GO, HD3000 and SWCNT in DDW. 
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Table 5.6 Freundlich isotherm parameters of aliphatic SOCs adsorption in DDW 
 
SOC Adsorbent KF
a
 KFS
b
 Q
c
 VO
d
 VO/Vt
e
 n r
2
 
  [(mg/g)/Ce
n
] (mg/g) (mg/m
2
) (mL/g)    
  (ug/L) (mg/L)       
TCE SWCNT 1.2748 39.6 136.1 0.074 0.093 0.075 0.50 0.987 
 HD3000 1.3002 87.9 396.7 0.137 0.272 0.351 0.61 0.994 
 GNS 0.0320 12.3 102.9 0.018 0.070 0.022 0.86 0.996 
 GO 0.0110 7.7 80.5 0.015 0.055 0.104 0.95 0.984 
CCl4 SWCNT 3.1549 25.9 48.1 0.048 0.030 0.024 0.30 0.939 
 HD3000 0.6800 22.6 64.8 0.035 0.041 0.053 0.51 0.986 
 GNS 0.0392 11.5 62.6 0.017 0.039 0.013 0.82 0.984 
 GO 0.0139 4.1 22.3 0.008 0.014 0.026 0.82 0.992 
PCE SWCNT 4.7953 172.5 262.4 0.321 0.162 0.131 0.52 0.970 
 HD3000 3.7205 416.1 720.1 0.648 0.445 0.574 0.68 0.998 
 GNS 0.2871 52.8 96.7 0.079 0.060 0.019 0.75 0.995 
 GO 0.0955 27.2 52.6 0.055 0.032 0.061 0.82 0.989 
111TCA SWCNT 2.8651 13.2 23.4 0.025 0.018 0.014 0.22 0.983 
 HD3000 0.1775 21.0 127.0 0.033 0.096 0.124 0.69 0.996 
 GNS 0.0047 9.1 156.3 0.014 0.118 0.038 1.09 0.982 
 GO 0.0012 2.9 55.3 0.006 0.042 0.079 1.13 0.991 
11DCE SWCNT 0.6721 8.4 26.1 0.016 0.022 0.018 0.36 0.967 
 HD3000 0.5080 12.2 52.4 0.019 0.043 0.056 0.46 0.967 
 GNS 0.0033 4.7 130.8 0.007 0.108 0.034 1.05 0.990 
 GO 0.0006 2.2 92.4 0.004 0.076 0.144 1.18 0.992 
112TCA SWCNT 0.7508 21.1 130.9 0.039 0.091 0.073 0.48 0.993 
 HD3000 0.7122 32.1 259.9 0.050 0.180 0.233 0.55 0.990 
 GNS 0.0086 5.2 178.6 0.008 0.124 0.040 0.93 0.987 
 GO 0.0008 4.0 446.7 0.008 0.310 0.585 1.24 0.994 
12DBE SWCNT 2.4611 29.9 114.6 0.056 0.053 0.043 0.36 0.942 
 HD3000 0.8581 47.8 416.4 0.074 0.192 0.248 0.58 0.995 
 GNS 0.0023 6.6 482.5 0.010 0.222 0.071 1.15 0.983 
 GO 0.0012 9.0 1151.8 0.018 0.530 1.000 1.30 0.991 
12DCP SWCNT 0.2183 13.7 101.2 0.025 0.087 0.070 0.60 0.946 
 HD3000 0.5394 19.5 110.9 0.030 0.096 0.123 0.52 0.967 
 GNS 0.0026 5.0 196.8 0.008 0.170 0.054 1.10 0.997 
 GO 0.0013 2.2 78.3 0.004 0.068 0.127 1.07 0.998 
1112TeCA SWCNT 3.9129 37.5 82.8 0.070 0.053 0.043 0.33 0.964 
 HD3000 1.4443 51.1 178.1 0.080 0.115 0.148 0.52 0.995 
 GNS 0.0350 11.2 84.1 0.017 0.054 0.017 0.84 0.987 
 GO 0.0085 8.8 97.1 0.018 0.063 0.118 1.00 0.999 
DBCP SWCNT 7.3732 69.3 144.1 0.129 0.069 0.056 0.32 0.971 
 HD3000 6.1177 234 786.6 0.364 0.378 0.488 0.53 0.994 
 GNS 0.0165 9.8 80.4 0.015 0.039 0.012 0.92 0.985 
 GO 0.0781 11.4 59.1 0.023 0.028 0.053 0.72 0.990 
a Mass-basis adsorption affinity expressed in different units; b Solubility normalized adsorption capacity ( KF values at 
saturated concentrations of SOCs). Due to high solubility of these SOCs, they were simulated with 1% of their water 
solubility; c Surface area normalized adsorption capacity; d The volumes occupied by adsorbed SOCs; e The pore 
volume occupancy. Since the size of the table is limited, the confidence intervals (95%) for KF and n are given in the 
Appendix (Table A1). 
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Some major observations from the isotherms and isotherm parameters are as 
follow: First, VO values were much lower than the VT determined by N2 gas adsorption 
(Table 5.6). The difference between the VO and VT values were attributed to capillary 
condensation of nitrogen in meso- and macropores of the adsorbents. It is well known 
that the adsorption behavior in mesopores and macropores not only depends on the fluid-
wall attraction, but also on the attractive interactions between fluid molecules, which may 
result in the occurrence of capillary condensation [Inoue et al., 1998]. While for the 
adsorption of the aliphatic SOCs in aqueous solutions, no capillary adsorption occurred 
because the SOCs were already dissolved in the liquid phase. Therefore, most of 
nanopores of the four adsorbents that can be filled with nitrogen could not be efficiently 
occupied by the SOCs. 
HD3000 and SWCNT exhibited, in general, much higher adsorption capacities 
than graphene adsorbents, especially at low equilibrium concentrations. Considering the 
differences in the specific surface area of the four adsorbents, adsorption capacities of the 
four adsorbents for the aliphatic SOCs were normalized by the specific surface area (Q 
value in Table 5.6). However, after surface area normalization, the normalized adsorption 
amount of aliphatic SOCs on HD3000 and SWCNT were still much higher than those of 
graphene adsorbents, which indicated that in addition to specific surface area, some other 
factors played a more important role in determining the adsorption difference between 
them. Micropore filling might be the other reason for the differences in their adsorption 
capacities. Specifically, adsorption strength increases with decreasing pore size, because 
as pore size decreases, contact points between the adsorbate and the adsorbent surface 
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increase, and adsorption potentials between opposing pore walls begin to overlap [Li et 
al., 2002; Karanfil and Dastgheib, 2004; Bandosz, 2006]. For the ten aliphatic SOCs in 
this study, their molecular sizes were relatively small with respect to micropore sizes, and 
the molecular sieve effect would not occur. Thus the adsorption forces in micropores are 
stronger as compared to those in mesopores and macropores. As shown in Table 5.1, 
HD3000 and SWCNT had relatively large micropore volume. Furthermore, pore volume 
occupancy of HD3000, SWCNT and GO (VO/Vt value in Table 5.6) were higher than that 
of GNS, which also demonstrated adsorbents with higher microporosity had higher 
adsorption affinities for the aliphatic SOCs. Therefore, for flexible low-molecular weight 
aliphatic SOCs, micropore filling was a significant factor for their adsorption on 
carbonaceous adsorbents.  
Although two microporous adsorbents (SWCNT and HD3000) showed higher 
adsorption capacities for the SOCs after surface area normalization, to further examine 
the difference between their adsorption for the aliphatic SOCs, two KF parameters (in 
Table 5.6) were examined for the SOCs adsorption capacities at equilibrium 
concentrations of 1g/L and 1 mg/L, respectively. As shown in the two KF parameters, 
SWCNT had higher adsorption capacities than HD3000 at low equilibrium 
concentrations. However, at high equilibrium concentrations, HD3000 exhibited higher 
uptake for the aliphatic SOCs. The possible reason is that at low SOC concentrations, 
high-energy micropores played a dominant role in the adsorption, thus SWCNT exhibited 
higher adsorption capacity than HD3000. However, at high equilibrium concentrations, a 
surface adsorption mechanism might play a role in the SOCs adsorption, thus the specific 
 51 
 
surface area became a determinant factor causing the differences in their adsorption 
capacities, which also explained why HD3000 and SWCNT showed higher adsorption 
capacities than graphenes, especially at low equilibrium concentrations. 
For GO, although it had comparable micropore volume to HD3000 and SWCNT, 
it exhibited, in general, the lowest uptake for the aliphatic SOCs among the four 
carbonaceous adsorbents even after surface area normalization, which was related to its 
surface functionalization. Oxygen-containing functional groups on carbonaceous 
adsorbents can alter the accessibility of adsorbents for SOCs either through (1) an 
increase in the access to adsorption sites of the carbonaceous adsorbents due to 
improvement in their better dispersion in aqueous solution, or (2) a decrease in the 
number of available adsorption sites due to water cluster formation around the oxygen-
containing functional groups. In this study, the overall decrease in the adsorption capacity 
of GO as compared to pristine GNS indicated that water cluster formation appeared to 
have the more important effect on the adsorption of aliphatic SOCs. 
In addition, the Freundlich n value indicates the heterogeneity of the surface and a 
higher n value is indicative of a more homogenous surface with narrow adsorption site 
distributions [Weber, 1972]. For HD3000 and SWCNT, n values ranged from 0.22 to 
0.69 and were lower than those of GNS and GO, ranging from 0.72 to 1.30. It appears 
that the adsorption of the aliphatic SOCs on GNS and GO were less site-selective than on 
SWCNT and HD3000 surface. The possible explanation is that micropores of HD3000 
and SWCNT presented high energy sorption sites and leading to more heterogeneous 
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adsorption. Overall, the adsorption of the aliphatic SOCs depended on the specific 
surface area, pore size distribution and oxygen content of adsorbents. 
5.2.2 The Effect of SOC Properties  
The physicochemical properties of aliphatic SOCs such as molecular size, 
configuration, hydrophobicity, polarizability and substituent groups can have important 
effects on their adsorption as much as the characteristics of adsorbents. To investigate the 
effect of aliphatic SOCs properties, adsorption isotherms of the selected ten aliphatic 
SOCs are compared in Figures 5.4 to 5.7, and physicochemical properties of aliphatic 
SOCs are summarized in Table 4.2. 
 
 
Figure 5.4 Adsorption isotherms of ten aliphatic SOCs on GNS. 
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Figure 5.5 Adsorption isotherms of ten aliphatic SOCs on GO. 
 
 
Figure 5.6 Adsorption isotherms of ten aliphatic SOCs on HD3000. 
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Figure 5.7 Adsorption isotherms of ten aliphatic SOCs on SWCNT. 
As shown in Figures 5.4-5.7, the differences in physiochemical properties of the 
ten SOCs affected their adsorption, which contributed to the differences in their 
adsorption isotherms. It is well known that hydrophobic interaction is an important factor 
influencing adsorption of organic compounds from aqueous solution by adsorbents since 
the hydrophobicity of organic compounds can be a driving force for them to escape from 
the aqueous solution to the interfaces between solvents and adsorbent surfaces. To 
investigate the contribution of hydrophobicity of SOCs in adsorption, the adsorption 
isotherms of the aliphatic SOCs were evaluated by plotting the qe values as ordinate and 
the solubility-normalized concentrations, Ce/Cs, as abscissa, to eliminate the differences 
caused by different hydrophobicity of the SOCs. As shown in Figures 5.8-5.11, the 
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line. Therefore, although hydrophobicity of the aliphatic SOCs was influential, it was not 
the only factor controlling the adsorption behavior of aliphatic SOCs, and other 
differences in SOCs properties also impacted the adsorption. 
 
Figure 5.8 Solubility normalized adsorption isotherms of ten aliphatic SOCs by GNS. 
 
 
Figure 5.9 Solubility normalized adsorption isotherms of ten aliphatic SOCs by GO. 
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Figure 5.10 Solubility normalized adsorption isotherms of ten aliphatic SOCs by 
HD3000. 
 
  
 
Figure 5.11 Solubility normalized adsorption isotherms of ten aliphatic SOCs by 
SWCNT. 
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To further investigate the effect of other physicochemical properties of aliphatic 
SOCs on their adsorption behaviors, the adsorption of PCE, TCE and 11DCE were 
compared first. They have similar molecular structure and configuration but different 
number of chloride functional groups, and their polarizability and solubility are different. 
As shown in Table 5.6 and Figures 5.4 to 5.7, adsorption of the three aliphatic SOCs by 
four adsorbents followed the same order: PCE > TCE > 11DCE, which can be attributed 
to differences in the hydrophobicity of these aliphatic SOCs. However, when their 
adsorption isotherms were normalized with solubility, the isotherms did not line up on a 
single trend line (Figure 5.12). Their adsorption capacities still followed the order: PCE > 
TCE > 11DCE. Thus, some additional factors might influence their adsorption. First, we 
speculate that the difference in strength of π-π electron donor-acceptor (EDA) 
interactions of these three compounds with the carbonaceous adsorbents. The reason is 
that the highly polarizable surfaces of the four carbonaceous adsorbents play an 
amphoteric role attracting both π electron-acceptors and π electron-donors. Chloride 
groups on the three SOCs can serve as π electron acceptors to enlarge the π electron-
withdrawing ability of the carbon double bonds of these SOCs, which likely to promote 
adsorption interactions between the SOCs and adsorbents through π-π EDA complex. 
Therefore, adsorption affinities of the three aliphatic SOCs by the adsorbents were 
enhanced with increasing number of -Cl groups. The other possibility influencing the 
adsorption of these three compounds is nonspecific interaction generally referred to as 
van der Waals interactions. This interaction can exist between any molecules no matter 
what chemical structures they have; and it is proportional to the product of polarizability 
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or dipole moment of adsorbates and adsorbents. Thus, stronger van der Waals 
interactions between PCE and the adsorbents might occur in terms of its higher 
polarizability (Table 4.2). In summary, the comparison among PCE, TCE and 11DCE 
indicated although hydrophobicity of aliphatic SOCs was influential for their adsorption, 
their functional groups and polarizability also possibly influenced their adsorption 
behaviors. 
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Figure 5.12 Comparison of PCE, TCE and 11DCE solubility normalized adsorption 
isotherms on four adsorbents. 
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normalization to eliminate the effect of different hydrophobicity of these two compounds. 
All adsorbents showed higher adsorption capacity for 112TCA than 111TCA, which 
might be attributed to van der Waals interactions. As mentioned above, van der Waals 
interactions are proportional to the product of the polarizability or dipole moment of the 
adsorbates and adsorbents. As shown in Table 4.2, 112TCA has higher polarizability than 
111TCA, so stronger van der Waals interactions between 112TCA and the adsorbents are 
expected to occur. For higher polarizability of 112TCA compared to that of 111TCA, 
which might be caused by different position of chloride functional groups. Therefore, the 
comparison between 112TCA and 111TCA indicated that the adsorption of aliphatic 
SOCs was also influenced by the substituent position on molecules. 
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Figure 5.13 Comparison of 111TCA and 112TCA solubility normalized adsorption 
isotherms on four adsorbents. 
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aliphatic SOCs was the dominant factor for their adsorption behaviors, carbon double 
bonds of aliphatic SOCs probably have a positive effect on their adsorption by π-π EDA 
interactions. 
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Figure 5.14 Comparison of 1112TeCA and PCE solubility normalized adsorption 
isotherms on four adsorbents. 
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oxygen-containing functional groups on GO surface could create water clusters on the 
hydrophilic sites of GO. However (in the appendix, Figures A4 and A7), GO showed 
comparable and even higher adsorption capacity for 12DBE and DBCP as compared to 
pristine GNS, which was attributed to the -Br substituent of the two SOCs. Because 
molecules with large atoms containing non-bonded electrons far from the nucleus (e.g., 
bromine and iodine) are generally more polarizable, the C-Br covalent bond has higher 
polarizability than the C-Cl covalent bond. Therefore, relatively stronger van der Waals 
interactions between oxidized surface and bromine SOCs were expected to occur, which 
would contribute to more adsorption of 12DBE and DBCP on GO.  
5.2.3 The Effect of pH  
pH of the background solutions could affect the surface charge of adsorbents by 
deprotonation of functional groups on the adsorbents and the ionization degree of 
different SOCs; thus, four consequences with change in pH have been proposed: (1) 
increasing pH could enhance dissociation of ionizable SOCs and increase their 
hydrophilicity, and consequently decrease their adsorption on the adsorbents [Yang and 
Xing,2009; Wang et al., 2007; Yang et al., 2008; Liao et al., 2008; Lin and Xing, 2008]; 
(2) increasing pH could also promote dissociation of functional groups from ionizable 
SOCs, which may hinder the formation of hydrogen bonds between functionalized carbon 
surfaces and dissolved SOCs, and reduce the SOCs adsorption [Yang and Xing, 2009]; 
(3) increasing pH could facilitate deprotonation of oxygen-containing functional groups 
on carbonaceous adsorbents, which promotes π-electron donor ability of the carbon 
surface, therefore, enhancing π-π EDA interaction between SOCs and the carbonaceous 
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adsorbents; the deprotonation of oxygen-containing functional groups on the 
carbonaceous adsorbents could also enhance the formation of water clusters, which 
would decrease the SOCs adsorption [Chen et al., 2008; Peng et al., 2003; Lu and Su, 
2007; Lu et al., 2005]; and (4) as pH increases, both surfaces of adsorbents and ionizable 
SOCs might become negatively charged, leading to an increase in the repulsive forces 
between the adsorbates and adsorbents [Yang and Xing, 2009; Wang et al., 2007; Lu and 
Su, 2007; Zhao et al., 2007; Lin and Xing, 2008]. Among these possibilities, considering 
the SOCs tested in this study were nonionic, the importance of electrostatic repulsion, 
hydrogen bonding and increase in their solubility could be neglected. Thus, the only 
possible influence of increasing pH was the deprotonation of acidic functional groups on 
the adsorbents, which would facilitate π-π EDA interaction between the SOCs and 
carbonaceous adsorbents and formation of water clusters.  
The adsorption isotherms of TCE, CCl4 and DBCP on GO in different solution pH 
conditions are presented in Figures 5.15 to 5.17 (the other adsorption isotherms are 
presented in the appendix, Figures A8 to A10). The corresponding Freundlich parameters 
are summarized in Table 5.8. Changing the pH from 3 to 11 did not influence the 
aliphatic SOCs adsorption on GNS and GO, except for DBCP under pH 11 conditions. 
The possible explanation was that for GNS, the deprotonation of the oxygen groups on 
the GNS would not be important since there is extremely low oxygen content on GNS. 
For the three SOCs adsorption on GO, although increasing pH would promote the 
deprotonation of acidic functional groups on GO, lack of π electrons in DBCP and CCl4 
indicated π-π EDA interaction would not be facilitated. Which also suggested formation 
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of water clusters due to deprotonation of acidic functional groups on GO had a negligible 
effect on the SOCs adsorption. In addition, loss of DBCP at pH 11 occurred during the 
adsorption process indicated by the very low ratio between measured blank 
concentrations and calculated ones; and the possible reason was that DBCP converted 
into alcohol by a substitution reaction under alkaline condition [Robin et al., 2003]. 
 
Figure 5.15 The effect of various pH on adsorption of TCE by GO. 
 
 
 
 
 
Figure 5.16 The effect of various pH on adsorption of DBCP by GO. 
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Figure 5.17 The effect of various pH on adsorption of CCl4 by GO. 
 
 
Table 5.7 Freundlich isotherm parameters of aliphatic SOCs adsorption in different 
solution pH 
 
SOC Adsorbent pH KF
a
 
[(mg/g)/Ce
n
] 
n r
2
 
     
   (ug/L) (mg/L)   
TCE GNS DDW 0.0320 12.3 0.86 0.996 
  3 0.0218 11.9 0.91 0.979 
  11 0.0547 10.4 0.76 0.995 
 GO DDW 0.0110 7.7 0.95 0.984 
  3 0.0164 5.6 0.84 0.993 
  11 0.0169 5.9 0.85 0.985 
CCl4 GNS DDW 0.0392 11.5 0.82 0.984 
  3 0.0424 13.1 0.83 0.975 
  11 0.0300 12.8 0.88 0.970 
 GO DDW 0.0139 4.1 0.82 0.992 
  3 0.0168 3.9 0.79 0.981 
  11 0.0097 4.1 0.88 0.990 
DBCP GNS DDW 0.0165 9.8 0.92 0.985 
  3 0.0333 8.1 0.80 0.994 
  11 0.9417 240.8 0.80 0.984 
 GO DDW 0.0781 11.4 0.72 0.990 
  3 0.0401 14.2 0.85 0.985 
  11 0.7056 69.2 0.66 0.962 
a
Mass-basis adsorption affinity expressed in different units.Since the size of the table is limited, the 
confidence intervals (95%) for KF and n are given in the Appendix. 
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5.2.4 The Effect of Ionic Strength 
In general for the influence of ionic strength on SOCs adsorption by carbonaceous 
adsorbents, three main potential impacts can be observed: (1) increasing ionic strength 
probably enhance the activity coefficient of hydrophobic organic compounds, leading to a 
decrease in their solubility, thus slightly enhancing their hydrophobic interactions with 
carbonaceous adsorbents, which is  nown as the “salting out” effect [Zhang et al., 2010]; 
(2) the ions may penetrate into the diffuse double layer surrounding the carbon surfaces 
and eliminate the repulsive energy between the adsorbents, facilitating the formation of a 
more compact aggregation structure (squeezing-out), which is unfavorable for SOCs 
adsorption [Hyung and Kim, 2008]; and (3) in some situations, positive salt cations also 
could neutralize the negative charge of both the adsorbents and adsorbates, decreasing the 
electrostatic repulsion between them and promoting their adsorption [Fontecha-Camara et 
al., 2007].  
The adsorption isotherms of TCE, CCl4 and DBCP on GO under different ionic 
strength solutions are provided in Figure 5.18 to 5.20 (other adsorption isotherms are 
presented in the appendix Figures A11 to A13). The Freundlich isotherm parameters are 
summarized in Table 5.8. Increasing ionic strength by adding NaCl had negligible effects 
on adsorption of aliphatic SOCs, because as discussed above, electrostatic interaction can 
be ruled out as a reason to explain the IS effects on the SOCs adsorption given the fact 
that TCE, CCl4 and DBCP were nonionic compounds. Therefore, within the ionic 
strength range of 0.001-0.1M as NaCl, the contribution of salting-out effect to the SOCs 
adsorption was equivalent to that of the squeezing-out effect or both the salting-out effect 
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and squeezing-out effect were too weak to influence the adsorption of the SOCs on GNS 
and GO. 
 
Figure 5.18 The effect of various ionic strength on adsorption of TCE by GO. 
 
 
Figure 5.19 The effect of various ionic strength on adsorption of DBCP by GO. 
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Figure 5.20 The effect of various ionic strength on adsorption of CCl4 by GO. 
 
Table 5.8 Freundlich isotherm parameters of aliphatic SOCs adsorption in different 
solution ionic strength 
 
SOC Adsorbent IS
a
 KF
b
 
[(mg/g)/Ce
n
] 
n r
2
 
  (M)   
   (ug/L) (mg/L)   
TCE GNS DDW 0.0320 12.3 0.86 0.996 
  0.001 0.0498 13.7 0.81 0.980 
  0.01 0.0409 12.7 0.83 0.996 
  0.1 0.0151 15.5 1.00 0.984 
 GO DDW 0.0110 7.7 0.95 0.984 
  0.001 0.0137 7.8 0.92 0.994 
  0.01 0.0135 7.1 0.91 0.991 
  0.1 0.0201 7.2 0.85 0.976 
CCl4 GNS DDW 0.0392 11.5 0.82 0.984 
  0.001 0.0520 11.5 0.78 0.981 
  0.01 0.0224 11.8 0.91 0.998 
  0.1 0.0319 11.7 0.85 0.996 
 GO DDW 0.0139 4.1 0.82 0.992 
  0.001 0.0125 4.0 0.83 0.998 
  0.01 0.0057 4.6 0.97 0.994 
  0.1 0.0053 4.7 0.98 0.998 
DBCP GNS DDW 0.0165 9.8 0.92 0.985 
  0.001 0.0322 7.8 0.79 0.987 
  0.01 0.0135 9.7 0.95 0.984 
  0.1 0.0216 9.5 0.88 0.987 
 GO DDW 0.0781 11.4 0.72 0.990 
  0.001 0.0490 13.8 0.82 0.990 
  0.01 0.0546 12.7 0.79 0.992 
  0.1 0.0802 11.1 0.71 0.996 
a Ionic strength, in units of mol/L; bMass-basis adsorption affinity expressed in different units.Since the size of the table 
is limited, the confidence intervals (95%) for KF and n are given in the Appendix. 
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5.2.5 The Effect of NOM 
NOM is a heterogeneous mixture of chemically complex components, including 
humic substances, hydrophilic acids, proteins, lipids, carbohydrates, carboxylic acids, 
amino acids and hydrocarbons [Sparks, 1995; Summers and Roberts, 1988]. Two 
opposite impacts of NOM on the SOCs adsorption by carbonaceous adsorbents have been 
proposed: (1) NOM could promote the dispersion of carbonaceous adsorbents by adding 
a coating, which would increase the SOCs adsorption by generating more surface area; 
and (2) the presence of NOM could suppress the SOCs adsorption through pore blockage 
and direct site competition.  
To investigate NOM effects on adsorption of aliphatic SOCs by carbonaceous 
adsorbents, adsorption isotherms of six aliphatic SOCs by GNS, GO and SWCNT in 
DDW and NOM solutions were constructed as presented in Figures 5.21-5.26. The 
experiments represented the most sever NOM competition conditions due to an advantage 
to NOM adsorption prior to that of SOCs. It is apparent that the presence of NOM 
influenced the aliphatic SOCs adsorption on the three adsorbents to different extents. In 
addition, Freundlich isotherm parameters in the NOM solution are provided in Table 5.9. 
Two parameters, Ru and Rm, as KF ratios of the SOCs in NOM preloading conditions to 
that in DDW at a Ce of 1ug/L and 1mg/L, respectively, were calculated to quantify the 
impact of NOM on the aliphatic SOCs adsorption. 
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Figure 5.21 The effect of NOM on adsorption of PCE by GNS, GO and SWCNT. 
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Figure 5.22 The effect of NOM on adsorption of TCE by GNS, GO and SWCNT. 
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Figure 5.23 The effect of NOM on adsorption of 11DCE by GNS, GO and SWCNT. 
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Figure 5.24 The effect of NOM on adsorption of DBCP by GNS, GO and SWCNT. 
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Figure 5.25 The effect of NOM on adsorption of 112TCA by GNS, GO and SWCNT. 
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Figure 5.26 The effect of NOM on adsorption of 1112TeCA by GNS, GO and SWCNT. 
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Table 5.9 Freundlich isotherm parameters of aliphatic SOCs adsorption in NOM 
preloading conditions 
 
SOC Adsorbent KF
a
 
[(mg/g)/Ce
n
] 
Ru
b
 Rm
c
 n r
2
 
      
  (ug/L) (mg/L)     
TCE SWCNT-DDW 1.2748 39.6 -- -- 0.50 0.987 
 SWCNT-NOM 0.8801 13.2 0.69 0.33 0.39 0.981 
 GNS-DDW 0.0320 12.3 -- -- 0.86 0.996 
 GNS-NOM 0.0076 7.9 0.24 0.64 1.01 0.976 
 GO-DDW 0.0110 7.7 -- -- 0.95 0.984 
 GO-NOM 0.0152 6.2 1.38 0.81 0.87 0.993 
PCE SWCNT-DDW 4.7953 172.5 -- -- 0.52 0.970 
 SWCNT-NOM 2.3521 45.5 0.49 0.26 0.43 0.990 
 GNS-DDW 0.2871 52.8 -- -- 0.75 0.995 
 GNS-NOM 0.0446 21.8 0.16 0.41 0.90 0.990 
 GO-DDW 0.0955 27.2 -- -- 0.82 0.989 
 GO-NOM 0.1377 19.5 1.44 0.72 0.72 0.993 
11DCE SWCNT-DDW 0.6721 8.4 -- -- 0.36 0.967 
 SWCNT-NOM 0.0341 5.4 0.05 0.64 0.73 0.976 
 GNS-DDW 0.0033 4.7 -- -- 1.05 0.990 
 GNS-NOM 0.0006 2.6 0.18 0.55 1.21 0.997 
 GO-DDW 0.0006 2.2 -- -- 1.18 0.992 
 GO-NOM 0.0006 2.0 1.00 0.91 1.17 0.997 
112TCA SWCNT-DDW 0.7508 21.1 -- -- 0.48 0.993 
 SWCNT-NOM 0.1372 7.1 0.18 0.34 0.57 0.967 
 GNS-DDW 0.0086 5.2 -- -- 0.93 0.987 
 GNS-NOM 0.0022 2.9 0.26 0.56 1.04 0.995 
 GO-DDW 0.0008 4.0 -- -- 1.24 0.994 
 GO-NOM 0.0007 3.6 0.88 0.90 1.24 0.983 
1112TeCA SWCNT-DDW 3.9129 37.5 -- -- 0.33 0.964 
 SWCNT-NOM 0.9489 11.4 0.24 0.30 0.36 0.977 
 GNS-DDW 0.0350 11.2 -- -- 0.84 0.987 
 GNS-NOM 0.0050 7.7 0.14 0.68 1.06 0.994 
 GO-DDW 0.0085 8.8 -- -- 1.00 0.999 
 GO-NOM 0.0074 7.4 0.87 0.84 1.00 0.994 
DBCP SWCNT-DDW 7.3732 69.3 -- -- 0.32 0.971 
 SWCNT-NOM 1.1402 27.0 0.15 0.39 0.46 0.994 
 GNS-DDW 0.0165 9.8 -- -- 0.92 0.985 
 GNS-NOM 0.0048 6.0 0.29 0.61 1.03 0.996 
 GO-DDW 0.0781 11.4 -- -- 0.72 0.990 
 GO-NOM 0.1008 8.8 1.29 0.77 0.65 0.975 
a
 Mass-basis adsorption affinity expressed in different units; 
b
 KF ratio of SOCs in NOM preloading 
adsorption to that in DDW at equilibrium concentration of 1ug/L; 
c 
KF ratio of SOCs in NOM preloading 
adsorption to that in DDW at equilibrium concentration of 1mg/L. Since the size of the table is limited, the 
confidence intervals (95%) for KF and n are given in the Appendix. 
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For GNS and GO, different NOM effects were observed for aliphatic SOCs 
adsorption. As shown by the relatively lower Rm values of GNS compared to those of 
GO, the NOM effects on the SOCs adsorption by GNS were stronger than those by GO, 
which indicated more competition of NOM molecules with the SOCs for available 
adsorption sites on GNS. In contrast, NOM preloading had weak effects on the six 
aliphatic SOCs adsorption by GO; and GO exhibited comparable adsorption capacity in 
the presence of NOM and in DDW, as indicated by Rm values of GO for the six SOCs 
ranging from 0.72 to 0.91. This can be attributed to electrostatic repulsion. As 
summarized in Table 5.1, the pHPZC value of GO was 4.1, which indicated GO had a net 
negative charge under neutral conditions because of the presence of acidic functional 
groups. The net negative charge would result in less NOM coating on the GO surface due 
to electrostatic repulsion between negatively charged NOM molecules and acidic GO 
surfaces.  
Furthermore, adsorption of the six SOCs by GNS and GO under NOM preloading 
conditions was compared to SWCNT. As shown in Table 5.9, Rm values of SWCNT for 
all six SOCs were smaller than those of GO and GNS, which means preloaded NOM 
exhibited stronger suppression on the SOCs adsorption by SWCNT than GNS and GO. 
The stronger suppression on SWCNT was attributed to less hinderance of the SOCs to 
adsorption sites on graphene sheets due to the flat sheet structure of GNS and GO, in 
contrast to the microporous structure of SWCNT bundles in water. Therefore, it appears 
that for SWCNT, NOM preloading likely caused pore blockage and more effective site 
competition for the SOCs adsorption.  
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In addition, as shown in Table 5.9, Ru generally were smaller than Rm for GNS 
and SWCNT, which indicated that at low SOCs concentrations, stronger NOM effects on 
the aliphatic SOCs adsorption would occur. One possible explanation is that at low SOC 
concentrations, adsorption of the SOCs by the adsorbents can be dominated by the 
micropore-filling mechanism. Due to preloading, NOM molecules would preferentially 
occupy high energy micropores; and the NOM concentration of 3mg/L was 2-3 orders of 
magnitude higher than those of SOCs at the low concentration ranges. Therefore, NOM 
components can out-compete the SOCs and preferentially occupy the high energy 
adsorption sites at low SOC concentrations, leading to relatively larger reduction in the 
SOCs uptake. Whereas at high SOC concentrations, surface adsorption mechanism might 
play a role in the SOCs adsorption and SOCs can better compete for the high-energy 
micropores.  
The uptake of all six SOCs decreased under NOM preloading conditions as 
reflected by Rm values in Table 5.9. However, there were no clear trends observed in Rm 
values for each SOC. The Rm values did not correlate with the SOCs properties such as 
solubility, molecular size and polarizability. Actually, preloaded NOM did not exert 
significantly different effects on the six SOCs adsorption in terms of their similar Rm 
values. Therefore, for the six aliphatic SOCs, their different physicochemical properties 
did not cause large differences in NOM effects on their adsorption. 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
The major conclusions obtained from this study are summarized as follows: 
Objective (1): To investigate the effect of selected physicochemical properties of 
granular activated carbons, carbon nanotubes and graphenes (i.e., specific surface 
area, pore size distribution and oxygen-containing functional groups) on the 
adsorption of aliphatic SOCs. 
 Microporosity of carbonaceous adsorbents played an important role in 
adsorption of aliphatic SOCs.  
 Micropore-filling was the primary adsorption mechanism for aliphatic SOCs 
at lower concentrations; and surface adsorption mechanism become more 
important at higher concentrations. 
 Oxygen-containing functional groups on graphene nanosheets might reduce 
their adsorption capacities for aliphatic SOCs due to formation of water 
cluster. 
 Adsorption of the selected SOCs on HD3000 and SWCNT were more site-
selective than graphene adsorbents indicated by Freundlich n values.  
 HD3000 and SWCNT exhibited higher adsorption capacities for aliphatic 
SOCs than graphene adsorbents in DDW. 
Objective (2): To explore the role of selected properties of aliphatic SOCs (i.e., 
hydrophobicity, molecular size, polarizability, carbon double bonds and functional 
groups) on their adsorption by carbonaceous adsorbents. 
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 Hydrophobicity of aliphatic SOCs was influential for their adsorption, but it 
was not the only factor to control their adsorption behaviors. Polarizability, 
carbon double bonds and functional groups of aliphatic SOCs also might 
impact their adsorption behaviors.  
 Hydrophobic interactions were dominant contributor for the adsorption of 
aliphatic SOCs on carbonaceous adsorbents. 
 π-π EDA interactions might be additional adsorption enhancement mechanism 
for aliphatic SOCs on carbonaceous adsorbents. 
 Van der Waals interactions might play a role in adsorption of aliphatic SOCs 
on carbonaceous adsorbents. 
Objective (3): To examine the impact of background solution chemistry (i.e., 
presence of NOM, pH and ionic strength) on the adsorption of aliphatic SOCs by 
carbonaceous adsorbents. 
 Among the three water characteristics examined, NOM showed the most 
important effect on adsorption of aliphatic SOCs. 
 NOM preloading exerted small effects on adsorption capacity of GO, which is 
from less NOM coating on GO surfaces due to electrostatic repulsion between 
negatively charged NOM molecules and GO. 
 Preloaded NOM exhibited more severe suppression on adsorption capacities 
of SWCNT than those of graphene adsorbents. This can be attributed to 
microporous structure of SWCNT aggregates compared with flat sheet 
structure of graphene adsorbents. 
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 For adsorption of aliphatic SOCs on GNS and SWCNT, stronger NOM effect 
occurred at low equilibrium concentrations. 
 Different physicochemical properties of the selected six SOCs did not cause 
large difference in NOM effects on their adsorption. 
 Increasing pH did not influence adsorption of selected aliphatic SOCs, except 
for 12DB3CP under pH 11 conditions. 
 Increasing ionic strength by adding NaCl had a negligible effect on adsorption 
of selected aliphatic SOCs. 
 Although the presence of NOM in natural waters were expected to exert 
smaller effects on the adsorption capacities of graphene adsorbents as 
compared to SWCNT, graphenes did not exhibit a major advantage, in terms 
of adsorption capacities, over SWCNT for the adsorption of aliphatic SOCs in 
NOM solutions. 
 
Recommendations 
Some recommendations for application and future research from this study 
are listed below: 
 The aggregation state of graphenes might change once they are introduced to 
water. Thus, future studies need to investigate aggregation characteristics of 
graphenes in the aqueous phase. 
 Selecting more aliphatic SOCs with different solubility, number of carbon 
double bonds, functional groups, molecular size and configuration will be 
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useful to more clearly understand the adsorption mechanism of aliphatic SOCs 
on graphenes. 
 Conducting ionic strength experiments with divalent cations, such as CaCl2, to 
examine if there are different effects on adsorption of aliphatic SOCs by 
graphene nanomaterials.  
 Conducting NOM preloading experiments with different NOM isolates, such 
as ones with different SUVA254 and DOC values, will be valuable to further 
examine the NOM effect on the adsorption of aliphatic SOCs by graphenes. 
 To further extend the findings from this study to practical applications, 
adsorption isotherms experiments needed to be conducted using natural water. 
 Studies of adsorption kinetics of the different carbonaceous adsorbents will be 
important to determine whether graphene nanomaterials exhibit faster 
adsorption rates for aliphatic SOCs. 
 Future studies need to consider the application of graphene nanomaterials as 
membrane coating materials in water and wastewater treatment. 
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APPENDIX 
 
 
Figure A1 CCl4 adsorption isotherms of GNS, GO, HD3000 and SWCNT in DDW. 
 
 
 
 
Figure A2 111TCA adsorption isotherms of GNS, GO, HD3000 and SWCNT in DDW. 
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Figure A3 112TCA adsorption isotherms of GNS, GO, HD3000 and SWCNT in DDW. 
 
 
 
 
Figure A4 12DBE adsorption isotherms of GNS, GO, HD3000 and SWCNT in DDW. 
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Figure A5 12DCP adsorption isotherms of GNS, GO, HD3000 and SWCNT in DDW. 
 
 
 
Figure A6 1112TeCA adsorption isotherms of GNS, GO, HD3000 and SWCNT in DDW. 
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Figure A7 DBCP adsorption isotherms of GNS, GO, HD3000 and SWCNT in DDW. 
 
 
 
 
 
Figure A8 The effect of various pH on adsorption of TCE by GNS. 
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Figure A9 The effect of various pH on adsorption of CCl4 by GNS. 
 
 
 
 
Figure A10 The effect of various pH on adsorption of DBCP by GNS. 
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Figure A11 The effect of various ionic strength on adsorption of TCE by GNS. 
 
 
Figure A12 The effect of various ionic strength on adsorption of CCl4 by GNS. 
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Figure A13 The effect of various ionic strength on adsorption of DBCP by GNS. 
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Table A1 Freundlich isotherm parameters of aliphatic SOCs adsorption in DDW 
 
SOC Adsorbent KF
a
 n 
  [(mg/g)/Ce
n
]  
  (ug/L) (mg/L)  
TCE SWCNT 1.2748 (1.0876-1.4942)
b
 39.6 (33.8-46.3) 0.50 (0.46-0.54) 
 HD3000 1.3002 (1.1711-1.4437) 87.9 (74.2-104.2) 0.61 (0.57-0.65) 
 GNS 0.0320 (0.0266-0.0386) 12.3 (10.9-13.8) 0.86 (0.82-0.90) 
 GO 0.0110 (0.0070-0.0171) 7.7 (6.3-9.5) 0.95 (0.86-1.04) 
CCl4 SWCNT 3.1549 (2.5837-3.8524) 25.9 (20.2-33.3) 0.30 (0.25-0.36) 
 HD3000 0.6800 (0.5748-0.8045) 22.6 (19.1-26.8) 0.51 (0.46-0.55) 
 GNS 0.0392 (0.0280-0.0550) 11.5 (9.2-14.3) 0.82 (0.75-0.90) 
 GO 0.0139 (0.0108-0.0179) 4.1 (3.6-4.7) 0.82 (0.77-0.88) 
PCE SWCNT 4.7953 (4.1600-5.5276) 172.5 (120.1-247.9) 0.52 (0.45-0.58) 
 HD3000 3.7205 (3.5745-3.8724) 416.1 (351.9-492.1) 0.68 (0.66-0.71) 
 GNS 0.2871 (0.2462-0.3349) 52.8 (44.6-62.6) 0.75 (0.71-0.80) 
 GO 0.0955 (0.0744-0.1225) 27.2 (22.0-33.7) 0.82 (0.76-0.88) 
111TCA SWCNT 2.8651 (2.5417-3.2296) 13.2 (12.3-14.3) 0.22 (0.20-0.25) 
 HD3000 0.1775 (0.1566-0.2011) 21.0 (18.7-23.5) 0.69 (0.66-0.72) 
 GNS 0.0047 (0.0028-0.0079) 9.1 (6.9-12.0) 1.09 (0.99-1.20) 
 GO 0.0012 (0.0008-0.0018) 2.9 (2.4-3.6) 1.13 (1.05-1.20) 
11DCE SWCNT 0.6721 (0.5182-0.8717) 8.4 (7.6-9.2) 0.36 (0.32-0.41) 
 HD3000 0.5080 (0.3381-0.7632) 12.2 (10.6-14.0) 0.46 (0.38-0.54) 
 GNS 0.0033 (0.0023-0.0049) 4.7 (3.9-5.6) 1.05 (0.97-1.12) 
 GO 0.0006 (0.0004-0.0011) 2.2 (1.9-2.6) 1.18 (1.09-1.27) 
112TCA SWCNT 0.7508 (0.6598-0.8544) 21.1 (19.4-22.8) 0.48 (0.46-0.51) 
 HD3000 0.7122 (0.5777-0.8781) 32.1 (27.3-37.8) 0.55 (0.50-0.60) 
 GNS 0.0086 (0.0055-0.0135) 5.2 (4.4-6.0) 0.93 (0.84-1.01) 
 GO 0.0008 (0.0005-0.0012) 4.0 (3.5-4.6) 1.24 (1.16-1.31) 
12DBE SWCNT 2.4611 (1.8994-3.1889) 29.9 (23.4-38.3) 0.36 (0.30-0.42) 
 HD3000 0.8581 (0.7526-0.9785) 47.8 (43.3-52.8) 0.58 (0.55-0.61) 
 GNS 0.0023 (0.0012-0.0044) 6.6 (5.7-7.7) 1.15 (1.04-1.26) 
 GO 0.0012 (0.0007-0.0019) 9.0 (7.9-10.1) 1.30 (1.21-1.38) 
12DCP SWCNT 0.2183 (0.1267-0.3761) 13.7 (11.2-16.6) 0.60 (0.50-0.70) 
 HD3000 0.5394 (0.3606-0.8070) 19.5 (16.8-22.7) 0.52 (0.44-0.60) 
 GNS 0.0026 (0.0021-0.0033) 5.0 (4.8-5.3) 1.10 (1.06-1.14) 
 GO 0.0013 (0.0011-0.0017) 2.2 (2.1-2.3) 1.07 (1.04-1.11) 
1112TeCA SWCNT 3.9129 (3.2268-4.7449) 37.5 (30.1-45.3) 0.33 (0.28-0.38) 
 HD3000 1.4443 (1.2985-1.6006) 51.1 (46.5-56.3) 0.52 (0.49-0.54) 
 GNS 0.0350 (0.0235-0.0520) 11.2 (9.5-13.2) 0.84 (0.76-0.91) 
 GO 0.0085 (0.0073-0.0099) 8.8 (8.3-9.3) 1.00 (0.98-1.03) 
DBCP SWCNT 7.3732 (6.4163-8.4727) 69.3 (54.3-88.3) 0.32 (0.28-0.37) 
 HD3000 6.1177 (5.7466-6.5128) 234 (201.7-271.4) 0.53 (0.50-0.56) 
 GNS 0.0165 (0.0108-0.0252) 9.8 (8.5-11.2) 0.92 (0.85-1.00) 
 GO 0.0781 (0.0593-0.1027) 11.4 (10.2-12.7) 0.72 (0.67-0.77) 
a
 Mass-basis adsorption affinity expressed in different units; 
b
 values in parentheses are 95% confidence 
interval. 
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Table A2 Freundlich isotherm parameters of aliphatic SOCs adsorption in different 
solution pH 
 
SOC Adsorbent pH KF
a
 
 
[(mg/g)/Ce
n
] 
n 
    
   (ug/L) (mg/L)  
TCE GNS 3 0.0218 (0.0116-0.0408)
b
 11.9 (10.3-13.6) 0.91 (0.80-1.02) 
  11 0.0547 (0.0443-0.0675) 10.4 (9.7-11.3) 0.76 (0.72-0.80) 
 GO 3 0.0164 (0.0126-0.0214) 5.6 (5.2-6.1) 0.84 (0.80-0.89) 
  11 0.0169 (0.0114-0.0250) 5.9 (5.2-6.6) 0.85 (0.78-0.92) 
CCl4 GNS 3 0.0424 (0.0230-0.0784) 13.1 (11.3-15.2) 0.83 (0.72-0.94) 
  11 0.0300 (0.0172-0.0526) 12.8 (10.6-15.5) 0.88 (0.77-0.98) 
 GO 3 0.0168 (0.0108-0.0261) 3.9 (3.4-4.4) 0.79 (0.71-0.87) 
  11 0.0097 (0.0063-0.0148) 4.1 (3.6-4.8) 0.88 (0.80-0.96) 
DBCP GNS 3 0.0333 (0.0250-0.0443) 8.1 (7.6-8.6) 0.80 (0.75-0.84) 
  11 0.9417 (0.7711-1.1500) 240.8 (180.2-240.8) 0.80 (0.74-0.87) 
 GO 3 0.0401 (0.0277-0.0580) 14.2 (12.5-16.2) 0.85 (0.78-0.92) 
  11 0.7056 (0.4804-1.0365) 69.2 (51.1-93.6) 0.66 (0.57-0.76) 
a
 Mass-basis adsorption affinity expressed in different units; 
b
 values in parentheses are 95% confidence 
interval. 
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Table A3 Freundlich isotherm parameters of aliphatic SOCs adsorption in different 
solution ionic strength 
 
SOC Adsorbent IS
a
 
 
KF
b
 
 
n 
  (M) [(mg/g)/Ce
n
]  
   (ug/L) (mg/L)  
TCE GNS 0.001 0.0498 (0.0320-0.0777) 13.7 (11.6-16.1) 0.81 (0.73-0.90) 
  0.01 0.0409 (0.0335-0.0499) 12.7 (11.8-13.7) 0.83 (0.79-0.87) 
  0.1 0.0151 (0.0083-0.0274) 15.5 (13.5-17.8) 1.00 (0.90-1.11) 
 GO 0.001 0.0137 (0.0106-0.0177) 7.8 (7.2-8.4) 0.92 (0.87-0.96) 
  0.01 0.0135 (0.0095-0.0192) 7.1 (6.3-7.9) 0.91 (0.84-0.97) 
  0.1 0.0201 (0.0107-0.0378) 7.2 (6.3-8.2) 0.85 (0.75-0.96) 
CCl4 GNS 0.001 0.0520 (0.0350-0.0773) 11.5 (10.0-13.1) 0.78 (0.71-0.85) 
  0.01 0.0224 (0.0190-0.0262) 11.8 (11.2-12.5) 0.91 (0.88-0.94) 
  0.1 0.0319 (0.0246-0.0414) 11.7 (11.0-12.4) 0.85 (0.81-0.90) 
 GO 0.001 0.0125 (0.0107-0.0146) 4.0 (3.8-4.2) 0.83 (0.81-0.86) 
  0.01 0.0057 (0.0040-0.0082) 4.6 (4.4-4.9) 0.97 (0.91-1.03) 
  0.1 0.0053 (0.0042-0.0066) 4.7 (4.5-4.9) 0.98 (0.95-1.02) 
DBCP GNS 0.001 0.0322 (0.0228-0.0456) 7.8 (7.0-8.7) 0.79 (0.73-0.86) 
  0.01 0.0135 (0.0087-0.0211) 9.7 (8.5-11.2) 0.95 (0.87-1.03) 
  0.1 0.0216 (0.0135-0.0347) 9.5 (8.6-10.5) 0.88 (0.80-0.96) 
 GO 0.001 0.0490 (0.0361-0.0666) 13.8 (12.3-15.5) 0.82 (0.76-0.87) 
  0.01 0.0546 (0.0423-0.0706) 12.7 (11.7-13.9) 0.79 (0.74-0.84) 
  0.1 0.0802 (0.0647-0.0993) 11.1 (10.5-11.6) 0.71 (0.68-0.75) 
a
 Mass-basis adsorption affinity expressed in different units; 
b
 values in parentheses are 95% confidence 
interval. 
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Table A4 Freundlich isotherm parameters of aliphatic SOCs adsorption in NOM 
preloading conditions 
 
SOC Adsorbent KF
a
 n 
  [(mg/g)/Ce
n
]  
  (ug/L) (mg/L)  
TCE SWCNT 0.8801 (0.7202-1.0755)
b
 13.2 (12.0-14.6) 0.39 (0.35-0.43) 
 GNS 0.0076 (0.0039-0.0148) 7.9 (6.8-9.3) 1.01 (0.89-1.12) 
 GO 0.0152 (0.0111-0.0207) 6.2 (5.8-6.7) 0.87 (0.82-0.92) 
PCE SWCNT 2.3521 (2.0935-2.6426) 45.5 (40.0-51.7) 0.43 (0.40-0.46) 
 GNS 0.0446 (0.0316-0.0630) 21.8 (19.5-24.5) 0.90 (0.83-0.96) 
 GO 0.1377 (0.1090-0.1740) 19.5 (17.9-21.2) 0.72 (0.67-0.76) 
11DCE SWCNT 0.0341 (0.0205-0.0569) 5.4 (4.7-6.2) 0.73 (0.65-0.82) 
 GNS 0.0006 (0.0005-0.0008) 2.6 (2.5-2.8) 1.21 (1.17-1.25) 
 GO 0.0006 (0.0005-0.0008) 2.0 (1.9-2.1) 1.17 (1.12-1.22) 
112TCA SWCNT 0.1372 (0.0897-0.2098) 7.1 (6.3-8.1) 0.57 (0.50-0.65) 
 GNS 0.0022 (0.0014-0.0033) 2.9 (2.8-3.1) 1.04 (0.98-1.11) 
 GO 0.0007 (0.0003-0.0018) 3.6 (3.2-4.1) 1.24 (1.09-1.38) 
1112TeCA SWCNT 0.9489 (0.7744-1.1628) 11.4 (10.4-12.5) 0.36 (0.32-0.40) 
 GNS 0.0050 (0.0034-0.0072) 7.7 (7.0-8.4) 1.06 (1.00-1.13) 
 RGO 0.0074 (0.0053-0.0103) 7.4 (6.8-8.0) 1.00 (0.94-1.06) 
DBCP SWCNT 1.1402 (1.0202-1.2744) 27.0 (25.1-29.1) 0.46 (0.43-0.48) 
 GNS 0.0048 (0.0037-0.0063) 6.0 (5.6-6.4) 1.03 (0.99-1.08) 
 GO 0.1008 (0.0660-0.1540) 8.8 (7.8-10.0) 0.65 (0.57-0.72) 
a
 Mass-basis adsorption affinity expressed in different units; 
b
 values in parentheses are 95% confidence 
interval.  
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